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SUPERMAN : A SYSTEM FOR SUPERVISORY MANIPULATION
AND THE STUDY OF HUMAN/COMPUTER INTERACTIONS

1 by

l 
THURSTON LEONDUS BROOKS III

Submitted to the Department of Mechanical Engineering
on May 11 , 1979 in partial fulfillment of the requirements

I for the Degree of Master of Science.

I 
ABST RACT

‘
~~ his thesis considers the need for supervisory control of

remote teleoperator veh i cles in the ocean environment , and shows that
computer control l ed systems can increase the effectiveness of remote
manipulation .

A distinction is made between absol ute tasks (tasks which have

I a known spatial rel ationship to the manipulator base prior to execution )
and relative tasks (tasks which cannot be spatially defined prior to
execution). A second distinction is made between fixed tasks (tasks

I which remain fixed with respect to the manipulator base during execution)
and moving tasks (tasks wh ich continuously move with respect to the
manipul ator base during execution). Four distinct combinations can be

I 
made from this 2x2 array : (1) fixed-absolute tasks , (2) fixed-relative
tasks , (3) moving—absol ute tasks , and (4) moving-relative tasks. Mathe-
matical principles are developed to deal with each of these four possi-
bi lities .

~I ‘A unified theoretical framework of supervisory manipulation
is considered to give the designer an overview of: (1) manipulator and
processor selection factors, (2) interface design considerations ,

I (3) control language attributes and implementation factors, and
(4) control philosophies.

Based on the mathematical and theoretical foundations de-

I scribed in this thesis, a supervisory system was devel oped and demon-
strated .

I The major concl usion derived from this study is that even
under the ~‘best~ control conditions (i.e., no time del ays, no frame
rate problems , high visibility, etc.) supervisory control can improve
system performance for all forms of manual control except master/slave

I with force feedback.

Thesis Supervisor: Thomas B. Sheridan
Title: Professor of Engineering and Applied Psychology
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CHAPT E R I

INT RCPk C I ON 11) SUPE RV I SOR\ MAN I PUL Al ION

“The hont was tenuousl y rest i ny on a craqgy ci opt’ at the

brin k of an undersea canyon . and the parachute tha t was s t il l  at —

t~ ch~ d to i t  was drl ft l u g  kick and forth In the current . Ther e ~ ‘re

two dant.;t ’ ~~~~ he ~ ~~~
. t hose at t empt I nq a recovery the f I rs t was

getting entanyled in the parachut e shrouds and the second was

d1s1odqin~ the bont and possibl y losinq it deeper in the see .

When the hont was fir St d s cove red • the ~\ 1 v in at ta ctit ’tl a na rk nt’

pinqer , but it (Al yin becan~ ent anql ed and there ~~re souu~ nervou s

moments before it worked itself loose . After that the Alvi n pre-

ferred to stan d hack , and the remotely manned CLIRV I made the

necessary attach me nts and ra i sod the 1 ost bont t O  the surf ac e ” . H 1

The inc ident descri bed was re ferr lnq to the lest U—bomb off the

co ast of Pal oma res, Spa in In l’)6t

The per forunance of t. he CURV ci e’a rl y I rid i c - i  ted the poten —

t I al of ,‘emote veh i (‘ los . Al though unmanned sp~icecra f t  had been in

use for eiqht years • none had dl rt’c t iy manipulated its envIronment

to any real ox tent . Unmanned vehic le s had come of a~ut ’ a 1 most un —

not I cod in the puhl Ic I ty o f  t he  eve n t  . WI thin a doc~d~ the number of

remote vehic les in opei’ational use increased from a handfu l of simp i e

ye hi ci es to more than 50 soph St I cat od ma ch i nes w hich inte ract w i th

their envIronment on a number of 1 evel s ( sonar , 1 ow — li qPi t vi ~Ioo, sonic

imagining , manipu lators , etc.)J~~

- 14-
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But with the increasing use of remote unmanned vehic les

has come an increasing awareness of the limitations of present

technology . Technol ogi cal advances are needed in navigation and

guidance , remote viewing and search , signal processing and trans-

mittal , artificial intelligence , and remote manipulation . This

j thesis will deal primarily with the last category , remote manipu-

lation , al though at times the remaining categories will be men-

tioned.

1.1 ~~~erv i sort Control - What Is It?

A supervisor is normally thought of as an individua l

who directs the act ions of subord i nates. The supervisor ’s function

is to pl an future courses of action for the subordinates, teach

them the proper method of carrying out these actions, mon i tor

their performance, correct their actions whenever they do not

meet expectations , and trust the subordinates to perform the

actions as directed.

Ferrell and Sheridan~~ in 1967 proposed that a hier-

archial man-computer system based on the human supervisor-sub-

ordinate relationship coul d be used in deep space to solve some

of the control probl ems involving time delays. Under supervisory

control the human operator directs the subordinate computer by

p]~~n1ng the actions and directions it should take, teaching it

how to achieve the desired functions, mon i toring its performance,

-15-
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inte rvenin~ wheneve r It gets into trouble, and trusting it to ac-

coinpiish the task without continuous assistance .~~

Figure ‘I-i shows the essential difference between direct

manual control and supervisory control of a teleoperator. Under

direct control the operator ’s control signals are sent directly

to the remote manipulator , and sensor info rmation is fed directly

back to the operator . Under superv i sory control the operator ’s

control signal s are relayed through a l ocal computer to the remote

computer, which then processes the signals and acts on the infor-

mat i on. The rel ayed sinna ls are not necessarily the raw signals

generated by the operator. In fact the signal ‘is usually a coded

instruction of high information density which must be interpreted

to be utilized. The operator ’s input coul d range from a purely

manual analog ic command to a hig hly abstract symbolic coninand (see

Chapter III for details of this distinction). The remote computer

not only interprets the local compute r’s messages but also acts on

the sensor information available to it about its environment. The

remote computer only relays information to the operator which is

deemed important and necessary for effective supervision — the

responsibility for the specific details of control Is usually left

to the subordinate computer.

Figure 1-2 shows how supervisory control fits into the

global scheme. Supervisory control contines the best attributes

of both machine and man to achieve the desired goal — a clear ii-
‘ S

-16-
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TELEOPERATOR CONTROL

“DIRECT CONTROL” 
-

DISPLAYS

SENSORS

VEHICLE

ACTUATORS

CONTROLS
REMOTE OR HAZARDOUS

• ENV1RONMENTOPERATOR

“SUPERVISORY CONTROL”
DISPLAYS

SENSORS

CO~~~~~ R ~~~~~~~~~~~~~~~~~~~~~~~~~~~

ACTUATORS

CONTROLS

OPERATOR

Figure 1-1 : Direct Manual Control and Supervisory Control
of a Teleoperator (Adapted from Ref. [4]
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UNPREDICTABLE HUMAN PtRFECT

I

~O OTS

/
HUMAN /PRESPECIFIED SLAVE CLOCKWORK
ENTIRELY 

____ 
DEGREE OF 

____ 

ENTIRELY
MANUAL AUTOMATION ‘ AUTOMATIC

Figure 1-2: Task Predictability Versus Degree of Automa t ion
(Adapted from Ref. [4) )
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lustratlon of the axiom “two heads are better than one” . Sheridan

has said, “human supervisors are used in conjunction with robots be-

cause the two are compl ementary: We automate what we understand and

can predict and we hope the human supervisor will take care of what

we don’t understand and cannot predict”)5)

1.2 Supervisory Control - When Is It Needed Underseas?

The world’s oceans cover approximately 70 percent of

the gl obe and of that 70 percent the continental shelves cover less

than 8 percent.E61 Since most of the exploration ,production and

transportation of ocean resources occurs on the continental shelf,

this means that 92 percent of the earth ’s ocean resources remain V

untapped.

A veh i cle which can dive to 6100 m (20,000 ft) will be able

to reach 98 percent of the ocean floor. Unfortunately, the pressure at

any depth beyond 100 meters requires rather elborate equipment to safe-

ly maintain submersible operators or divers for any length of time .

Concern for human safety (submersible occupants or divers) requires

redundant back-up systems which not only increase the initial capital

expenditure, but operational costs as well. 8usby~
7
~ gives in-depth

accounts of 39 emergency incidents involving 22 submerslbles which dl-

rectly endangered or resulted in loss of life. HIgh mortality rates

• for coninercial divers in the North Sea clearly indicate that human

safety Is not easily achieved.

£
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Unmanned systems, on the other hand , are not as pressure

dependent , and hence , operation costs are less and human safety is

not of primary concern, since the operator is on the surface.

Figure 1-3 shows the estimated cost In dollars per bottom hour for

conventional surface diving, saturation diving, manned submersibles.,

and remote work vehicles as a function of depth for a welding task.

The figure shows that, except for the initial 40 meters, unmanned

vehicles have the lowest cost per bottom hour. Unfortunately, the

figure does not indicate the productivity of each method; if the

remote veh icles require significantly l onger times to perform the V

same task as a diver or manned submersible there will be no economic

advantage. In fact Vadus~
2
~ says, “from a cost-effectiveness

standpoint , the cross-over point between utilizing a diver with

Scuba versus a manned submersibl e is about 150 meters”. The ad-

vantage of divers is clearly one of productivity ; human divers are

on the average 4 times faster than manned or unmanned teleoperator V

systems .[8) But with the continuing improvements in manipulators

and computers , the divers will eventually l ose their dexterity

advantage . Once the dexterity of manipulators approaches that

of divers ,the diver ’s only remaining advan tages will be sensing

and cognition , both properties which could be done equally as

V well from the surface.

Man ’s only function Inside a submersible is to provide

scene analysis; he can neither feel , hear, nor manipulate his en—

-20-
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COST PER BOTTOM HOUR ($1000)
I 2 3 4 5 6 7 8

I I I I I

~~SURFACE DIVING

V ‘

2 WORK DAYS I WORK DAY

SATURATION DIVINGI 10 5

$ 300 ’

I
0 2 3 4 5 6 7 8

I 

_\
4~ ~~~~~~ —L ., - J .....~~’

4 ~~ 6OO• 1500- V
w V
0 MANNED

I 
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_______

3000

\
\

4500 \
H. t N

6000

Figure 1-3: Cost Comparison s for Underwater Welding as a Function
of Depth and Method (Data taken from Ref. [9) and
adjusted for an annual Inflation rate of 8 %)

• 1
I

-- -‘---—.-- - -~~~~--- ‘- ~~~~~~~~~_ ~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~—-~~ -~ —~~•~~~~~ ——



V -~ ~~~~~~~~~~ __._-_- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~

vironment except by artifi cial transmission of energy and coninunica-

tion through the hull. Until recently the operator ’s direct visual

assessment was i rreplaceable , but Improved low-light cameras and

sonic imaging techniques which can see through turbid water are be-

ginn ing to encroach on the operator’s domain. Man ’s stereoscopic

vision is still unequalled by any other system , but it can be en-

visioned that within t ime even this attribute could be sent over the

coniflunicatlon link to the surface for operator analysis. If all

of man ’s functions as a diver or submersible operator can be relayed

to and from the surface, the need for man to be in direct contact

with the hostile ocean environmen t evaporates. Clearly, the operator

shoul d be removed to the safety of the surface vessel since his

physical presence will no longer be required.

Once t ie decision has been made to pl ace the man on the

surface it becomes necessary to decide how much “autonomy” the re-

mote vehicle should be endowed with. One of the primary duties of

the on-board operator is to make decision s based on the information

he has about his environment. If the conuiun i cation link between the

remote vehicle and the surface is instantaneous , the vehicle woul d

need very little automony . Supervisory control woul d consist of

simpl e routines to aid the operator in a direct manner (e.g., It

coul d obtain tools and return them automatically). But during

periods of feedback dropouts (turbid water, etc.), sensor failure ,

degraded TV, interrupted acoustic imaging, control coimiunication

-22-
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loss , or other failure s the remote vehicle shoul d be capable of simple

autonomous actions to continue performing the task , stop, or return to

the surface.

If the remote vehicle operates at ext reme depths or

requires complete freedom of movement , the weight and drag of the

tether can cause considerabl e problems . There are three methods V

which have been suggested to overcome these problems : (1) use of

li ghtweight and small diameter cables , (2) allowi ng the vehicle to

work out of a “garage ” which is tethered to the surface , or (3) com-

municating through sonic links. The cabl e ’ s weight and diameter

can be reduced through the use of fiber optics for comunication

signal s, but the power supply will still requi re either a bul ky

cable or the use of l imited on-board batteries. The garaging method

appears to hol d the most promise , since it al l ows a large , heavy

cable to descend from the surface to the garage and a smaller

buoyant cable to extend from the garage to the vehicle. The final

sol ution , a sonic link , allows complete freedom of movement, but

imposes a severe communication constraint between man and vehicle.

The speed of sound in water is approximately 1600 meters

per second. Therefore, an acoustic signal will take a delay time

of one second for every 1600 meters of depth. If each “message”

is composed of a large nunter of information bits there can be further

restrictions due to the low bandwidth of the sonic channel (e.g.,

30k bits per second for the acoustic channel compared to 300k bits

per second for a coaxial channel and 3M bits per second for a fiber

-23-
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optic channel [41)~ For exampl e, a video picture composed of 128 x ‘128

pixel s with 4 level s of gray scale would take 2 seconds for the entire

“message” to be received and assentled on the surface.

This form of limited bandwidth communication is cal l ed “frame

rate” . Clearly, the frame rate is independent of the delay time , and

hence , both effects will be observed over an acoustic channel (i.e., 
-

at 1600 meters an acoustic channel would take one second for the

first bit of information to reach the surface and then another 2

seconds for the entire picture to assentle). Since manual manipu-
i

lation requires continuous visual feedback to close the loop around

the end effector, it woul d be expected that time delay and frame f
rate constraints would severely l imi t the operator. In fact, ex-

periments conducted by Ferre l l , Bl ack , Starr, Hill , and others for

time delays - in space manipulation indicate that task compl etion time

can be increased by a factor of four or more under a time del ay.~
41 -

To date, experiments to determine the effects of frame rate on task

compl etion time have not been conducted. 
-

Considering the problems invol ved with an acoustic corn—

niunication channel the trade from high bandwidth optical cables

does not appear to be warranted. But, if the remote vehicle were

control led under superv isory control , which does not require large

amounts of control communication (rementer , supervisory control sig- -

nal s are usually coded instructions of high information density ——
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Section 1.1).  the vehicle freedom and performance woul d offset the

loss of direct control

To summarize , as undersea technol ogy advances there will

be an increasing use of unmanned, tethered and untethered vehicles.

These remote vehicles can benefit through the use of supervisory

control techniques which range from simp le direct operator aids

(such as automatic tool retrieval and return routines) to more

sophisticated supervisory techniques (such as systems that can per-

form autonomously for brief periods when commanded by high infor-

mation density directives).

1.3 Supervisory Contro l - How Can It Be Accompl ished?

Now that supervisory control has been defined and the

circumstances unde r which it mig ht be usefu l have been examined ,

it wil l be necessary to determine the methods by which a supervisory

system can be built. The rema inder of this thesis will be devote d

to both the theoretical and practica l aspects of developing super-

visory manipulation .

In Chapter II mathemat ical foundations w ill be developed

for performing four major catego ries of tasks: (1) tasks which have

a consistent re lationship to the manipulator base at all t imes.

(2) tasks which cannot be spatially defined prior to execution

(3) tasks which remain f ixed with respect to the vehicle during

execution , and (4) tasks which are continuousl y moving with respect

to the vehicl e during execution.
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Chapter III is devoted to the theoretical aspects of

V 
supervisory manipul ation from manipul ator and processor sel ection ,

to the design of the interfaces, language, and control philosophy .

In Chapter IV an explanation of the features of SUPERMAN ,

a system for supervisory manipulation , is given with visual aids

and programming examples .

Chapter V is an evaluation of the SUPERMAN system under

supervisory control as a function of viewing conditions (mono and

two-view) and manual control modes (switch rate, joystick rate,
V 

master/slave without force feedback and master/slave with force

feedback). Comparisons between purely manual control and combined

manual—computer control are used as a basis for determining the

appl icabili ty of supervisory control to representative marine 
V

tasks.

Conclusions and recommendations for further research

appear in Chapter VI .
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CHAPTER II

ABSOLUTE , RELATIVE , FIXED AND MOVING MANIPULATION

Through observation of natural human manipulation , one can

develop an understanding upon which the design of a supervisory system

can be based. For example , when you pull a pen out of your shirt

pocket the required joint movements are the same each time regardless

of where you are standing. On the other hand , pulling a pen out of

your friend ’s pocket can requ ire different joint actions depending

on your friend ’s spatial location relative to yourself. Hence,

through observation of a common human experience, it can be said

that one quality of manipulation is represented by the concepts of

absolutely defi ned versus relati vely defined joint actions. Another

attribute of the hunan system is the capability to perform a task

which is either fixed or moving wi th respect to the manipulator base.

As an example, consider putting a coin in a soda machine versus put-
V 

ting a coin in a turnstile while simultaneously moving through the

passage. It is the purpose of thi s chapter to demonstrate how methods

can be developed to give machines the htinan qualities of absolute,

relative, fixed, and moving manipulation.

2.1 Absolute Versus Relative Tasks

Before proceeding, it is necessary to define some of the

terminology which will be used:

-27-
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Frame or Coordinate System - the terms “frame” and “coor-

dina te system ” will be used interchangeabl y to signify a

set of thre e orthogonal unit vectors which define a th ree

dimensional space (e.g., In cartesian s pace the set of

unit vectors 1, 3, and E).

V Joint Angl e - the ang le or transla tion whi ch resul ts from

a rotational or prismatic actuator between two congruent

manipu lator links.

Positi on - the comp lete spatial location of a coordinate

frame by a set of independent va riables which are defined

by another frame (e.g., in cartesian space the “ position ”

will mean both the displacement of the frame’s origin , as

well as the frame ’ s orientation , wi th respect to another

coordinate system).

Base or Vehicle Frame — any coordinate frame which -is

rigidly attached to the most distal manipulator joint from

the hand (e.g., the vehicle and anything connected to It

would be the base for underwater manipulation).

Worl d or Tas k Frame - any coordi nate frame whi ch is not

rigidly attached to the manipulator base (e.g., a val ve on

a welihead would have a world or task coordinate frame).

Given the above definitions it Is now possibl e to explicitly define

an absolute manipulation task:
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Absolute Task — a task in which the geometric relation-

ship between the task and base frames is known and the

joint angles necessary to obtain the requi red spatial

hand position s are always the same.

The only human task which is truly absolute is the act of touching

your shoulder , all other tasks are initially relative to some co-

t ord i nate system —either the world’ s (e.g., turning on a lamp ) or

the human operator ’s body (e.g., pulling out a wallet). But many

t quasi-absol ute tasks can be found for both human and machine manipu-

lation. For exampl e, a quasi -absolute human task would be the func-

tions required to drive a car once the driver has been seated. The

gas , brake, clutch , lights and other control inputs are always de-

fined in the same position and requi re the same joint actions wi th

respect to the driver ’s seat. Al most every function required of the

driver in the cab is absolute , even though the worl d coordinate sys-

tern is chang ing relative to the base (seat) coordinate system.

Relative Task — a task in which the spatial hand positions

always remain fixed with respect to each other, but the

joint angles to obtain these positions are a function of

the geometric relationship between task and base frames,

therefore, requiring the determination of thi s relation—

ship prior to execution of the task.

Consider the task of removing a nut from a rigid stud located some-

where in space. This task is cognitivel y defined in a relative
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mode before the human operator Is sho~ the nut (the human operator

knows he must turn the nut in a counter-clockwise manner, pulling

back slightly as he turns to determine i-f the nut is free). But,
-

, unlike the quasi-absolute task of turning on the headlights in his

car, the human operator does not know, a priori , the location of the

nut wi th respect to his body, and hence, the joint coninands required
V 

to perform the task.

One of the more obvious and important differences between

absolute and relative manipulation Is the amount of feedback

necessary to perform each. While absolute tasks can be performed
*wi thout feedback, relative tasks require input to determine the

relation between the base and task frames. For example, before

entering your living room at night you know ahead of time that your

light switch Is always located at the same place on the wall (i.e.,

a quasi-absolute task assuming you are standing in the doorway).

But, you also know that there is a lamp on your endtable, which

could have been moved to a new position or orientation duri ng the

day (i.e., a relative task). The sw-itch on the wall is fixed and

can be located without visual and tactile feedback, and is “abso—

l utely” defined with respect to the doorway before any feedback

information has been received (note that usually tactile feedback

i s used to a small degree to account for errors in memory and

proprioception). To turn on the endtable lamp, though , you do not

*Absolute tasks , as we ll as relative tasks , require proprioceptive j
feedback to insure the joints are moving as desired (See Chapter III).
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I
know the absolute position of the switch , but only the “relative ”
action required once the lamp has been loca ted (i.e., once the lamp

has been found and the hand oriented to the switch , the action re-

I quired is a turning or pushing motion). Without feedback most people

turn the lights on by a switch which is alway s fixed with respect

to the room rather than blindly search in a dark room for the lamp . V

Clearly , a relative task cannot be performed withou t some

I form of feedback (visual or tacti le in the case of the human opera tor)

to determine the relationship between the two coord inate systems
V (task versus human operator ) . An absolute task , on the other hand ,

I declares a priori that the human operator base coord inate system

is related to the task coordinate system at the time the task was

defined , and hence , requires no other feedback except joint posi-

tions (proprioceptive feedback). The majori ty of people operate

in a relative mode whenever feedback is available and the task is not

completely and absolutely defi ned with respect to their internal base

system. But note that whenever the visual machinery can be freed

from the labor of defining the human operator ’ s base frame with respect

I to the task coordinate system , most people instinctively resort to

quasi-absolute manipulation which does not require the higher level

processing needed for relati ve tasks. For example , tasks such as

pulling out a wallet , typing, reaching for a cup of coffee recently

set down , automobile control functions , etc. are qener~lly done

in a quasi—absolute manner rather than overload the human processing

I -31-
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system with unnecessary information.

Most or all industrial tasks are presently defined in an

absolute mode (i.e., the part will always be located in the same

place at a specified time and wil l  require specific j oint actions).

But experience has shown that the rea l, relative and chang ing world

wil l  not be as ideal as the absolutely defined industrial climate.

Hence , the failure of many combined computer and manipulator systems

in the “real world” where the actions are specified , but the spatial

locations and orientations to perform these actions are not known

until execution time. To implement supervisory control of a remote

manipulator , it becomes obvious that a number of the tasks that the

manipulator will be required to perform can he defined prior to ex-

V ecution time , but that the positions at which these tasks are to be

accomplished are variables of the environment , and therefore , are

usually not explicitly known until the job is located. Thi s draw-

back has been recognized and much research is being devoted to the

development of visua l imagery system s to inform the computer of the

location of the relative task. But image processing systems are ex- 
V

tremely complicated , unreliable , and expensive devices which probably V

will not be useful for determining the relationship between an ar-

bitrary environment and the mani pulator base for many years.

A simpler method which does not rely on digital image

processing is needed to fill the gap. Such a method is available

wi th today ’s technology . The remainder of this chapter wil l  ex—
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plain the theoretical and ma thematical princ i ples necessary to ac-

complish relative manipulation both with a fixed and moving vehicle.

2.2 The General Transformation Matrix

The transformation between two coordinate systems, p and

q (see Figure 2-lb) can be obtained through a combination of trans-

lational and rotational transformation matrices . The composite V

transformation matrix consists of a 3x3 matrix of the direction V
cosines of coordinate system q with respect to coord i nate system V

p. a column vector which gives the translation of the origin of

frame q wi th respect to frame p, a three el ement row vector of

zeroes , and a translational multiplier , 1. The direction cosines

of any vector , U, are identified as in Figure 2-la , where i. is the

cosine of a (the angle the vector 0 makes with the x axis), m is the

cosine of ~(the angle the vector U makes with the y axis), and n

is the cosine of y(the angle the vector U makes with the z axis).

Using the notation of Figure 2-lb for each of the coordinate axes

(i’ ,j’,k’) of the ri ght handed system to be transformed , the fol-

lowing relationship results:

x 5ik’ a x ’

Y 
= 

m~~1 m3~ m
~kI b Y’ 

(2—1)

V I Z “ki’ ~kj’ ~kk’ 
C

1 0 0 0 1 1

-33-

- 

— I 
~~.: . 

•— - ‘ - - V



- - ~~~~~~~
—----—_______

_ 

V 

V

I 

j

1 1
~
. 0 V

0

N
4

V 

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --~-~a~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~



‘a

I

- 

where,

= the cosine of the ang le between each of the three

transformed axes (let r~’ = I’ , j ’ , and k ’ respectivel y)

and the new coordinate x axis.
V)

~~~ = the cosine of the angle between each of the three

transformed axes (let ç’ = i’ , j ’ , and k’ respectively)
4 and the new coordinate y axis.

= the cosine of the angle between each of the three
• transformed axes (let i ’ = i’ , j ,  and k’ respectively) V

and the new coordinate z axis.

The transformation matrix between coordinate system q and coordinate V

system p is denoted symbolically by

I
V PA V

o

which , when substituted into equation 2— 1 , results in the more

succinct form of the transformation law V

(2-2)
-

Assuming there is a third coord inate system a and it is desired

to express coordinate system q in o, it can be seen that by sub—
7-

stituti ng p for q and o for p in equation 2-2 the transformation

• from p to o is obtained as

I
°A ~X

r 
—

L which when combined with the original result of equation 2-2 (i.e.,

PX) gives the desired transformation :

,.. ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ 
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0 X °A ~A ~ = °A ~- -j~~~q - -  - 1-

The above equation denxrnstrates an important feature of the coor-

dinate transform matrices — the transformation matrix froni coor-

dinate frame n to coord i na te frame 1 can be obta i ned by multi plying

the individua l transform matrices from 1 to n

1A 2A ... n-l~ (2-3 )

A specia lized form of the transformation matrix has been

derived by Roth and Pieper for a manipulator link with twist ~~,

length a , revolution e , and axis offset Sc~~
’1’

~ Al though this

special ized matrix al lows one to define the transformation parameters

with four variables , in practice the notation (~
, a , , and 5) can V

be confusing if the original source of the matrix is not recognized . V

It is suggested , therefore , that the genera l transformation should

be used.

2.3 Relative Ma nj puiation Derivations

From the discussion in Section 2.1 (Absolute versus

Relat ive Tasks) it should be clear tha t for an absolute task, co-

ordinate transformations are not requi red. The only unknowns that

have to be determined to perform the task are the desired joint

angles , which can be specified when the task is defined . Tool

retrieval is a good exampl e of an absol ute manipulation task (The

tool will always be in the same location when the manipu lator re—

trieves it , and hence, the required joint angles can be recorded

:~~~~~~~~~~
‘ 
:~~~~
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once and stored for all time). In contrast to absolute manipulation ,

relative tasks require coordinate transformations and joint space

Solutions* each time the task is performed. As an example , imagine

a program which scrapes a vertical cyl i ndri cal surface has been en—

tered into the computer (Figure 2-2a). Later , when the program is

executed , the compu ter is info rmed that the surface has changed its

orientation so that it is skewed with the horizon tal (Figure 2—2b).

The method that will be presented in this section will allow the

computer to adapt to the new orientation and scrape the surface as V

it originally did for the vertica l orientation. This method is

genera l enough to be applied to any relative function. For example ,

opening or shutting valves; putting on or taking off nuts and bolts ;

painting, cleaning , scraping, and jetting a surface; drilling; and

tapping to name just a few. The key point to note is that the above

tasks can be performed without reprograming the computer each time

it is confronted with a task which does not have the same spatial

positions and orientati ons as when the task was initially learned by

the computer.

To illustrate the method, imagine the desired relative

task requires that a wrench be rotated to free a nut (Figure 2-3a).

To obtain the counter-clockwise moti on it is necessary for the hand

to move from position A to position c by passing through the inter—

*Given a desired hand positi on with respect to the vehicle, what
joint angles will result in this position?
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(a) Scraping Vertical Cylindrical Surface
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diffe rent from (a),but
re lative motion -is the
same .

(b) Scraping Skewed Cylindrical Surface

Figure 2-2
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Fi gure 2-3: Relative Task wi th Horizontal Initial Position
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mediate positions (Although the following development is prima rily

advanced in terms of points A and €, it should be recognized that

the results should be applied to all points A through ~). Using

this simple coplanar example it will be shown that although the

desired motion (i.e., turning the nut) requires different absolute

positions for various orientations of the nut and wrench, the ac-

tions remain constant with respect to the initial hand position.

Indeed, as mentioned in Section 2.1, all points in a relative task

have the coninon attribute that each position maintains a fixed

relationship with each of the remaining points independently of

the world’s coordinate system. To demonstrate this constant

relationship note that frame t (Figure 2-3b) is defined with respect

to frame A by d and o where d is a vector in coordinate system A—E £

to point ~. Now assume that instead of having approached the nut V

from the negative x direction the wrench has moved toward the nut

from a positive y position as in Fiaure 2—4a, and that the task

still reqiires a counter-clockwise turning action. In terms of the world

coordinates (double arrows in both Figures 2-3 and 2-4) the x and

y displacements of A and ~ in Figure 2-3 are given by A(—~,0) and

t (—Lcose,—Lsine), wfrreas, in Figure 2—4 the displacements of

A and c are given by A (0,L) and c(-Lsine ,~cose). In contrast to

the different positions of A and c in the world system, the x and

y displacements with respect to the initial hand coordinates, lo—

cated at point A , remain fi xed for both figures, i.e., A(0,0) and

€ (t—tcose,tsine). A similar analysis can be used to demonstrate

-40-
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that the orientations also have a constant relationshi p with respect

to the initial hand coord i nate system (see figures). Hence , by

comparison of the relative motion in Figure 2-3 and the relative

V 
motion of Figure 2-4 it is noticed tha t both tasks ma i ntain con-

stant positions relative to each other but that the world (spatial )

positions required to achieve each task are different. Generally,

all relative tasks have this feature in common , and it is this con-

sistency which allows a task to be defined in one coordinate frame

and through a modification of the original definition obtain the

desired manipulator actions for any spatial orientation of the

task.

Normally , manipulators do not output the position rela-

tive to some original hand orientation , and therefore, if the fixed

relationship is to be of any benefit, it wil l  be necessary to

transform each position of the task to the initial hand coordinate

system. This is accomplished by the use of the transformation

matrix given in Section 2—2 . Assuming the manipulator has six de-

grees of freedom, the transformation from hand coordinates to

vehicle coord i nates , or from vehicle coordinates to hand coordinates ,

wi l l require six transformation matrices. For any six degree of

freedom manipulator (Figure 2-5 and Appendix C), the transformation

from the hand to the vehicle frame is given by

= 0A 1 A 2A 3A 4A 5A 6X = (2-4)

-42- 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~V~~ • V VV - V V  ~~~~~~~~~~~~~~~~~~~~~~ 
- -

~~~~
-- -

~~~~~~~~~~~~



V V V~~~~V -V ~~~~~~~~~~~~~~~~~~~ ---—U- ~~~~~~~~~

w
>.z r

I

-

?i~ ~~~~~~~~~~~~~~~~~~~~~ - -



and the transformation from the vehicle to the hand is given by

= 6A 5A 4A 3A 2
~~

1A 0X = 6A 0X (2-5)

The equation which results by substituting the vehicle

coordinates O>~ (equation 2-4) for each point ~~~~ A ,B,C...) into

the transformation from vehicle coord i na tes to the initial hand co-

ordina tes at point A (equation 2-5) is the transformation from the

coordinates at point c in space to the initial hand coord i nate sys—

tem * 6 - 6di Odc 6 - 
6d1 6 2-

—
~ —Odi c —

~ —6 £ —
~

where (see also Figure 2-6),

V 0 - signifies the vehicle coordinate frame
(Figure 2-5)

6 — signifies the hand coordinate frame (Figure 2—5)
d - signifies tha t the transformations are calcu-

lated from the joint rotations recorded at the
time the task is defined

I - signifies the initial manipulato r position (point
A in Figure 2-3)

6d A - is the transformation from vehicle coordinates
(0) to the hand coordinate (6) in the initial
position (i) at the time the task is defined (d).

OdL A is the transformation from the hand coordinates
(6) at point ~~ 

A ,B,C ,H) to the vehicle
coord i nates (0) at the time the task is defined
(d)

The vehicle coord i nates are assumed to remain fixed throughout i-he
learning portion of the task; therefore, since the manipulator
base has the same relat ionshi p to the task when the hand is in
the i n i t i a l  pos i t i on  as when the hand has been moved to position

~ , the coord i nate systems Odi and Odc are equivalent.
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It should be clear that the 6diA matrices define the frames ~ with

respect to the initial hand position and that the initial hand coordinate

system rel ative to itself is the identity matrix

1 0 0 0
O 1 0 0

— 1 —  2—6dA — 0 0 1 0 
-

O 0 0 1

Since the transformation matrix for the initial hand coordina te system

relative to itself is always the identity matrix , regardless of the

origina l pos i tion and orientation , and since each of the

matrices is relative to the initial hand coordinates , the relative

position of the transformed points will always be the same regardless

of how the task is defined .

The combined transformation matrix

6d j A—6d C

V can be partitioned into a 3x3 direct ion cosine matrix , a 3xl trans-

lationa l vector , a zero row vector , and a translational multiplier

(1) in the same manner as the genera l transformation matrix in Section

2-2. The partitioned direction cosine matrix clearly gives the or-

ientation of the hand coordinates at point c with respect to the 
V

initial hand coordina te system at A , and the translational vector

gives the displacement of the origin of system c from the in i t ia l  hand co -

V ord i nate origin , which is the desired result. For the wrench rota—
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tion in Figure 2—3 , the partitioned relative matrices would be given

by

COSt) cos(90-i-o ) 0
I I

cos(90—o ) CO~~ 0 : d
V 

6di A = 

0 0 

* 

-
~

where 
~~~ V and d are defined as shown in Finure 2-3 (~ = A , B, C, ... ).

It is important to note at this point in the development

that the initial hand coord inate sys tem referred to in the above

analysis is the first position defined during the learning stage of

the task , and hence , the required calculations can be performe d at

the time the task is defined and stored for use at a later date.

Also , since it is desired that all positions be in terms of the in-

itial manipulator position when the task is defined , the transfor-

mation from the vehicle to the initial hand coordinates (
6d1

~~~dj )

will be constant for all points in the task and wil l  only have to

be calculated once. For examp le , in the wrench rotation task , the

manipulator would be moved to position A , the j oint angles would be

recorded and used to calculate the constant matrix ( 
~~di~ ’ and

the results would be stored . Then the wrench would be moved to pos i_ 
V

tion B, the joint angles would again be recorded , the OdRA matri x

would be calculated and multiplied by the stored constant matr ix ,

and the result would be stored as the relative transformation between V

I
_ _  - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --~~~- --~ -— -
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point B and the initial hand coordinates (6di A )  Each of the suc-

cessive points C,D I E,... would be converted to relative transfor-

mations until all the task points were relatively defined wi th respect

to the initial hand position . Obviously, all of the processing of

the relative transformation can take place during the learning mode ,

~nd hence, will not slow down the real—t ime executi on of the task.

Al though the relative frame s , £ have been defined with

respect to some initial hand frame , the position of each of the

re lat ive frames c will have to be defined in vehicle coord inates

to successfully perform the task at the time of execution. In-

tuitively, the defined relative motion (Figure 2-3b ) and the rela- V

tive motion desired at execution (Figure 2-4b) are exactly the same,

although the absol ute spatial positions are not. The fundamental

difference between the two tasks is the starting position and orien-

tation. The relative motion required in Figure 2—3 and Figure 2—4

has been redrawn in Figure 2-7a to graphically represent the relative

transformation matri ces 
~~~~~~ 

which woul d be calculated and saved 
V

at the time the task was defined (note the absence of the nut in the

interna l computer ’s model of the relative task — the computer only

knows that a specified relative moti on is required given a particular

initial hand position). Plow, imagine that the manipulator and wrench

are moved to the nut as shown in Figure 2—7b. Further , imagine that 
V

the relative motion of Figure 2-7a is lifted off the page and that

frame A is placed over the initial hand frame in Figure 2—7b. The
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resul t of superimposing the relative frames on the ini tial hand frame

is the desired relative motion (Figure 2-7c).

Clearly, once the manipulator has been placed in the posi-

tion at which the task is to be performed (i.e., once the initial

execution time hand coordinates are known), the vehicle coordinates

of each £ can be found by superi mposing the relative transformations

on the initial execution frame and transformi ng from the

relative frames to the vehicl e frame.

As stated, the initial hand coordinate system relative to

itself is the identity matrix

6diA = 1. (2-7)

Superimposing the initial hand frame on the execution time hand

frame gives
- OelA 6di — OeIA ~~

—A —6ei ~6dA —A —6ei -- --A

.. Oei 6~ 28- 

~6ei -A - )

where ,

0 — signifies the vehicle coordinate frame
(Figure 2-5).

6 — signifies the hand coordinate frame (Figure 2—5).

e — signifies that the transformations are calculated
from the joint rotations recorded at the time the
task is executed.

-I - signifi es the initial manipulator position when the
transformations are calculated. 

V
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QelA is the transformation from the initial (i) hand
coordinates (6) to the vehicle coordinates (0)
at the time the task is executed (e).

The remaining relative positions in vehicle coordinates can

be obtained by multiply ing the relative transformations (6dl A )

times the transformation from the initial execution time hand coor-

dinates to vehicle coord i nates

_.

~ 

= Oei~ 6di A 6X = A X  (2-9)

where 6di equals 6ei by superposition of the ini tially defined hand
*frame with the initial execution hand frame.

Once the relative transformation matrices are known and

an initial position at the t ime of execution has been specified , all

of the positions with respect to the vehicl e can be found. The three

displacements and three orientations associated with point c can be V

determined directly from the transformation matrix 
V

21j’ 5 ik’ a 
V

rn.., m.., m~~, b
Oei — 

J i ~l,] Jr’

~6dc

~kj’ ‘~kk ’ C

0 0 0 1

* OeiNote that the 
~~ei 

matrix is a constant, and therefore, would

only have to be calculated once.

L ~ 
-51-
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by noting that ,

a = the desired x translation of point E from the origin of
the vehicle coordinates at execution time (Figure 2—2).

b = the des i red y translation of point c from the origin of
the vehicl e coord inates at execution time (Figure 2-2).

V c = the desired z translation of point c from the origin of
the vehicle coordinates at execution time (Figure 2-2).

Lii
m the direction cosines that the i’ axis (the relative
ii’ = x axis at point c) makes wi th the respective axes of

n the vehicle coordinate system.
ki’

tjji

m the direction cosines that the j’ axis (the relative
j j ’ = y axis at point c )  makes with the respective axes of

the vehicle coordinate system.
~kj’

the direction cosines that the k’ axis (the relative
m
~kI = z a x i s  at p o in t  c)  makes with the respective axes of

the vehicle coordinate system.

Unfortunately, these displ acements and orientations are not

the required joint angles , but only translati ons and rotations of the

hand with respect to the vehicle frame. It is necessary, therefore,

to sol ve for the joint angles which will result in these hand posi-

tions. There have been a number of methods developed to find the joint

angles which result in a required position , and therefore, specific

details will not be given. But a brief comparison of these methods

will be included in Chapter III to demonstrate the need for proper
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manipul ator selection at the earliest stages of planning and devel-

opment.

2.4 Fixed versus Moving Tasks

Al though the two qualities absolute vs relative and fixed

vs moving may appear to be related concepts , they are actually in— V

dependent task variables. A task can be absolute and fixed , or ab-

solute and moving, or relative and fi xed , or relative and moving .

Consider retrieving a part from a rack attached to the manipulator

base (absolute and fixed) in comparison to obtaining a part from a

conveyer belt which delivers the part in exactly the same manner every-

time (absolute and moving). Both tasks are absolute since neither

requires tha t the manipulator be informed of the geometric relation—

ship between the base and the task coordinate sys tems. The primary V
difference between the two tasks is that the task frame changes as

a function of time with respect to the base frame during execution

for one task and does not for the other. The definition of a fixed

manipulation task follows :

Fixed Task — a task in which the manipulator base re-

mains stationary w ith respect to the task frame during

executi on.

To illustrate a i xed relative task imagine that it is necessary for

a submersible to settle on the bottom beside a welihead to l oosen

a gland nut on a valve. Further assume tha t due to the location of

the nut an impact wrench will not fit over the nut , that the only

II
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---  ~~~~~~~~~~~ V

method of approach is from the side , and that once the nut is free

the manipulator gripper has enough force to turn the nut but the

gri pper cannot initially free the nut. The required functions should

be recognized as a relative task as the relationshi p between task

and vehicl e can only be ascertained after the vehicle has settl ed

on the bottom at the site . Also once the relationship of the task

and vehicle has been determi ned it remains constant, and hence, the

task is fixed .

To perfo rm this task wi th a computer controlled manipulator

the followi ng algorithm , which starts with the gripper closed on the

nut , would be defi ned on the surface as fol lows :

1) Open end effector.

2) Obtain wrench to free nut (this will be an absolute
task as the wrench will always be located in the same
position on the tool rack). —

3) Place wrench on nut (the initial manipulator position ,
V 

wi th the gripper on the nut , defined the nut l ocation).

4) Turn wrench counter-clockwise and free nut (this rela—
tive task was defi ned in Section 2.3).

5) Return wrench to tool rack (absolute task).

6) Return to nut and turn counter-clockwise wi th gri pper
until nut is free.

7) Return control to human operator and await further

instructions .
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V 

Use of the algorithm woul d proceed as fol lows :

1) Remote vehicle settles on bottom next to task (fi xed
* manipulation).
I 2) Operator on surface moves manipulator to nut and grasps
I it.

3) Operator calls stored program to remove gland nut auto-
matically (the operator is essentially saying to the
the computer “Here is the nut — now take it off”) .

4) Computer ta kes initial manipulator position , overlays
the predefi ned relative task on that position , and

determi nes the joint commands required to complete
the task.

V 5) Computer performs task and returns control to human
operator. V

V This is an example of a fixed relative task which can be performed

wi th the human operator specifying the initial position. But the

human operator ’s ability to defi ne the initial execution position

V is extremely limited unless the first position is easily obtained

and clearly specified (in the above exam ple , the gripper is p laced

on the nut with the gripper axis perpendicular to the nut ax is).

The scraping of a cylinder in Section 2.3 is a good example of the

human operator’s limited ability to define the initial position of

a relative task. Unless the end effector is in exactly the proper

position at execution time, small angular errors of the hand

could multiply to intolerable levels as the distance from the hand

origin increased . To illustrate , imagine that the end effector is

~

_ _ _ _  -V V 
_ _ _ _ _  
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slightly skewed with respect to the axis of the cylinder . The

computer would assume that the cylinder is also skewed and would

scrape the cylinder as shown in Figure 2—8.

Clearly a method is needed to insure that the end ef-

fector is oriented properly to perform the task. The device shou ld

not be expensive , and it should not require an involved procedure.

It was suggested by Ofer Gneezy of the M.I.T. Man Machine Sys tems

Lab tha t the tool handles used for the experiments (Chapter 5)

if permanently mounted on a task would allow the operator to specify

the initial position. A special tool evolved from this idea which

would plug into a socket mounted on the task (Figure 2— 9 ).  With

thi s orienting device the operator would approach the socket and

then force steer D2
~ 

133 the tool until it ma ted with the socket . After

the orienter is inserted, the relationship of the task to the vehicle

would be known and fixed as long as the vehicle does not move . But

suppose the vehicle does move?

The definition of a moving manipulation task follows

directly from the definition of a fixed task:

M o v i n g  Task — a task in which the task frame changes

as a function of time with respect to the base frame

during executi on.

In many circumstances it is necessary to perform a task which is

l ocated in a position that can only be reached when the submersible

is off the bottom. Many remote manipulator systems simply ignore
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Figure 2-8 : Scraping Cylinder with Error in
- 

Initial Hand Position

EDGES ARE SLOPED FOR
SLIDING FIT

V Figure 2-9: Male-Female Orientation Tool

V 
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V this problem , with  the remaining systems attempting to solve the probl em

by hol ding the submersible firmly fixed to the structure by means of

mechanical grabbers . Unfortunately, fixing the submersible is not always

a practical solution —at times there is literally nothing strong enough

to grab onto. Al so , this method does not completely fix the submersible

as the structure , links , and joints have l imited stiffness.

If the arm response speed is faster than that of the sub-

mersible response to outside disturbances , it is theoretically possibl e

to have the arm correct itsel f for the motion of the submersible. Ob-

viously, to devel op such a method it will be necessary to obtain the

position of the vehicle wi th respect to the task coordinate system.

The relationship between the task and base frames can easily be obtained
*with an orientation manipulator:

Orientation Manipul ator - a device consisting of a fixed
numbe r of links and joints with position sensors which ,
through the use of transformation matrices,give s the
position of the vehicle frame with respect to the task
frame .

Possibl e designs for the orientation manipul ator are shown in

Figure s 2-1 0 and 2-11. A simple magnetically-coupled orienter

(Figure 2-11), which defines the state of the manipulator base with

respect to the task , coul d be used for tasks without the built in

orientation sockets (Figure 2-10). The design shown in the figures

V (universal joints with a telescoping mid-section ) was chosen

V 

*Laser and sonic triangul ation , or direct machine vision are other
possibilities , but the orientation manipul ator is economically more
attractive.
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Figure 2-10: Orientation Manipulator for
1 Tasks with Built—In Sockets V

I Figure 2-11: Orientation Manipul ator with Magnetic Coupler
I for Tas ks without Built—In Sockets
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to allow the vehicle to move in all six degrees-of-freedom with-

out l ocking or binding a joint.

Now that a simpl e method is available to obtain the

vehicle position with respect to the task it is necessary to

derive the transformation equations which will result in the re-

quired incremental joint angles. V

2.5 Moving Manipulation Derivations

V To develop the moving transformation equations it will 
V

be assumed that the task has been defined in a relative manner as V

described in Section 2.3, and that the submersibl e moves wi th respect
*to the task. It will al so be assumed that the vehicle has approached

the task , connected the orientation sensor, and begun execution of

the predefined relative task. Since the task is assumed fixed and 
V

the submersibl e is assumed to move with respect to the task , it is V

clear that the vehicl e base cannot be used to define the rel ative

V task positions. Therefore, the relative positions must be trans-

ferred to the fixed imovable task frame. The relative positions -:

have been determined in a previous section and are given by equation -

2-9,

OX = OeiA 6~ (2-9) V

*Whether the task moves, the submersible moves, or both move is ir-
relevant since all that is required is that a relative motion be-
tween the task and vehi cle exists.

V 
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To define the relative positions in the task coordinate system it is

only necessary to transform from the vehicle frame to the task frame

at the i nstan t the task is execu ted ,

T x = 
Tei A Oei A 6X = A X  (2-10)

where ,
T - signifies the task coord inate system (Figure 2—12).

Oel A - is defi ned in Section 2.3—6dc
Tel A is the transformation from vehicle coordinates (0)

to task coordinates (T) at the time the task is
executed (e) with the hand frame in its initial
position (i).

The relative positions are now completely known in the task coor— V

dinates. It should be noted before proceeding wi th the moving

derivations that equation 2—10 can be obtained by two distinct

methods:

1) If the entire task can be defined prior to submergence ,
the matrices 

~~d can be directly calculated when the
task is defined and saved for future use (It should be
recognized tha t to define these positions it is not
necessary to enter the data from blueprints — the
positions can be obtained by moving the arm through
the desired points and calculating the transformation
matrices directly).

2) If the task cannot be completely specified in terms
of the task frame before submergence , then the matrices
Tel A can be calculated on the bottom after the human—6d~operator has “shown ” the computer the task.

I

I 
-61-
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(a) Orientation Manipulator and Work Arm V

MANIPULATOR TRANSFORMATION V

.:L::z=.~
/

ORIENTATION MANIPULATOR
TRANSFORMATION -

(b) Frame Assignments for Moving Task 
-

Figure 2-12
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Now assume the vehicle is free to move again and that the vehicle has

changed its position by a small increment due to drift , current , etc.

Since the relative positions are known in the fixe d task frame for any

instant of time , the desired task coordinates in “moving ” vehicle co-

ordinates are readily given by,

0 — 0t~ TeiA Oei 6
— 

~~~ —Oei ~6dc 
x 2-11

where ,
t - signifies that the transformation occurs at

time t>0.
0tc~~ - is the transformation from the task coordinatestc (1) to the vehicle coordinates (0) at a particu-

lar instant of time (t) with the hand frame in
position ~ ( See Figure 2— l 2b).

The procedure to use thts method would be as follows :

1) Calcul ate the transformation matrices Te -I
A which V

—6dc
defines the relat ive task (either on the surface or
at the task site). V 

V

2) Cal culate the required vehicle coordinates of the task V

at time t by obtaining the matrix AT and multi -
plying it by the matrices Te 1

~~d .  
*3) By either analytical or iterative techniques determine

the incremental joint coniiiands (The iterative tech-
niques would appear to lend themselves naturally to
this method).

V 4) Return to 2 and continue until task is f inished.

These derivations we re advanced in terms of a relative task , but the

resul ts can be applied to any task or control mode (manual or computer)

with minimal modifications.

*An expl anation of these techniques is given in Chapter III.
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Once the orientation manipulator is connected to the task,

the hand position with respect to the task would be frozen, regard-

less of the motion of the submersibl e—only comands from the op-

erator or computer woul d change the hand position , although the joint

angles woul d be in a continuous state of correction . V

It is possibl e to conceive of a system which , through the

use of the orientation manipul ator and moving transformation equa-

tions, coul d act as an autonomous robot for extended periods of time .

From the moment the orientation manipulator is manuall y connected to

the task, the remote computer woul d perform the task, or sequence of

subtasks, in a completely autonomous manner , only returning to the

operator for further instructions or when it gets into trouble. A

fleet of these manipul ator vehicles coul d be dropped overboard ,

plugged in and left to compl ete the task. Moving manipulations

coul d also be used for space applications.

Now that the definition s and equations for absol ute,-

relative, fixed, and moving manipula tion have been determined , we

will proceed to investigate some of the design principles of a

supervisory system.
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CHAPTE~1 III

A UN I F I E D  THE ORETI CAL FRAMEW ORK FOR SUPERV I SORY MAN IPULATION

To design an effective supervisory system it is necessary

to investigate some of the theoret i cal aspects of supervisory control .

Four factors have been identifi ed which should be considered when

developing a supervisory system : (1) manipulator/processor sel - V

ection , (2) control philosophy ; (3) interface design; and (4) language

philosophy . Each of these factors interacts with one another , and

therefore, none of these factors is independent (e.g., if man -machine

interaction is through a singl e communication channel , the sophisti -

cation of the language will be determined by the restraints imposed by

that channel , etc). The fol lowi ng sections discuss these factors in

more detail.

3.1 Manipulator/Processor Selection

Several investigators have identified the fol l owing as

important design factors for computer-controlled manipulato rs:11~’
14 ’1~ ’ 

V~ 1

16 ,17]

Kinematic Design Factors

1) degrees of freedom
2) joint types and configuration
3) link parameters (length , twist, and offset)
4) workspace
5) approach angles of end effector
6) operati on zone of each link

V 
7) obstacle avoidan ce
8) joint space solvability
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Physical Design Factors

1) load capacity
2) link /j oint mass
3) link/joint stiffness
4) accuracy/precision
5) repeatability
6) reliability
7) backlash
8) speed
9) accel eration

10) frequency response
11) stability
12) power requirements

Processor Se l ection Factors V

1) compu tation speed
2) memory capabili ties
3) 1/0 capabilities (man—processor-manipulator interfaces) V

4) reliability
5) power requirements

Many of these parameters have been extensivel y treated in the liter-

ature , and therefore , do not require further attention. But one
*factor , joint space sol vability , negatively influences many of the

other design factors , and hence , warrants further consideration.

For computer manipulations to be successfully performed ,

it is absol utely essential that the ann have a sol ution which can be

*A sol ution is the determination of the joint rotations, angular
vel ocity and angu’ar acceleration by an algorithm given a desired
spatial position .L1l]
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obtained under the time constra ints of the real-world. But , it shoul d

not be immediately assumed that all manipulators have solution s and

that a computer can solve the joint space within those real-tine con-

straints. In fact this important parameter , which should be considered

in the initial stages of planning a computer control l ed manipul ator ,

is often the one design factor which is rarely examined until the
*physical design has been set .

Generally there are two methods available to determine the

V joint space sol ution ; one obtains the sol ution by iterative technqiues

and the other by a closed form analytical expression . 
V

A short discussion of the iterative and analytical methods

of joint space solution will be incl uded to demonstrate the need for V

proper manipulator selection from the start of the program if compute r

control is to be used.

The iterative techniques find a solution by taking a number

of small steps until the resulting values converge on the required 
V

position . 0,11 ,18] But iterative methods have three recognized short-

comings: (1) they consume more time to determine the joint space

than the analytic sol utions; (2) at certain position s they take an

unwiel dy number of calculati ons; and (3) they usually result in only

*This is probably due more to the fact that most computer controlled
arms in the past have been converted master / slave , analog , joystick ,
or rate controlled arms , rather than systems specifically designed
for supervisory control .
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one of itiany poss I bit ’ confi ~j ura t iofl s The t inc drawbacks can be

overcou~ to a large extent by usinu the incrementa l result as j oint

drivl nq s iqna Is. If this scheme is used , each iteration resul ts

in a dr i vi nq mot ion whi ch when properly t med resul t s in al 11)05 t

no coniputa t ion 1 aq t ime , with  the resul t tha t the i tera t I ye methods

appear faster than itiany closed fonn anal ytic solutions. [1 ~‘1 91

One of the first attempts to obtain an analytical joint

space solut ion was made by Pieper , who more notably describes sol utions

for any m anipu lator with three intersectinq axes ~~~~~~~ Pieper al so qives —

a nvthod to determine if a particular nia nipul ator confi quration has a

ci osed form sol uti on - an important a ttri hute for com puter man i pu—

1 at ions. Geitera 11 y the VV ~~’t hod use d to so lve for the Joint space makes

u-;e of the t a ~
- t tVh il t the x ,y ,.‘ ,~~ ,~~ and ~ di spl acernents are known . and

there fore , s i nct’ there are s ix knowns and si x unknowns ( the requl red

J oint anqies ) t he so lut ion can he found. But due to the nature of the

t’ t lt k~ t ions , niul t i p1 es of si ties a iid C OS I OPS , a polynomi al of the 5~4 , ;~~ th

deqree resul t s I f a s impi e subs ti t ut. ion and e l i  m i  na ti on scheme is

usedJ 1 0 F yen I t~ the extraneous roots were removed , the polynomi al

woul d s t i l l  result in approx inmate ly 64.000 poSsible sol ut ions, of

which onl y a few woul d be val i d .101 nt. anq li’s for the particular ma nipu—

i atm’ ~11 ° A further si mp l I fyi nq ass umpt ion inus t he made to achieve

a tenahl t ’ sol Ut b it . I t~ the man ipu l atV or has three axes which in te rsect

the prohl en can he broken down into two set~s of equa t I OIlS in wh I cli

three of the unknowns can be solved for independent ly of the rena i ning

three unknowns J 
1 0] t hi s met hod qene ra 1 ly resu 1 ts in ~‘ closed form

— —
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sol ut ion whi ch re’qul res at most t he sol ut ion of ~i fourth deqrt’e pol ~y —

nonmial ~i cons i dt’rahl e s i mup i i t i  ca t  Ion ( s et ’ Plepe r s thes I ~ [101 for a

I ‘to ~~~
‘ ~1~’ ~~ l it ’ i~1 ox p1 ant I t Ion) . üt her flit’t hods wake use of an array of

ci nip i t i  cat iomi s to am~ I ye’ at a ten ab l  t’ sol ut ion .

Al t houqh it should hi’ t’xpt’c ted that in the’ t’u turt’ a ll man I pu—

I 1 at or c o n t  I qurat . ) ons w i l l  hi’ ‘~ol vabi o . it should he kept in mind that

the number o f  coniput at j o l t s  I ncri’ast’ as the conipi ox I ty of the aim In—

I c ~~~‘ a s o s  ~~~~~ As an oxaiti pi o of the two ox ? reitlt’s . tn v I all y sol vab it’ and

unso i Vat -’ It’ • com ic I ~ ‘r the man i pu 1 ato rs  in qure 3—i The ‘tan i pul at or

in I qure’ 3- - 1 ~i has t Pt roe t ra nd at I ona 1 axes t hat in terse . t at the base

and t hive’ rotat I otia 1 axe s th a t  i ntt ’rsect at the w r i s t  . Clean v • the V

analvt Ic co~ut ion to qo from pos it  IOI~ A t o  posi tion 1 is ea~ i l ’~ cal cu-

1 ated ~m c the tiOs I red not io ns cot - i- espoi id di nt’ct ly to the Jo in t movelik’nt S.

V On t he othe r hand . c o t i s  I den t hi’ mnami i pu l a ton in I it~une -~ l t~ which has

c i  x ~Ioqreec 
~~~

f
V 

f ni-’ede~n with no intersect ui - i  axes . l tit’ i’t’qU I r~d Jo int

V not (~~)‘. to move the hand from A to t~ is not I mi~~’d I .ito 1 .’~ t ’’~ i dent • and

a mat ter of Intones t t h i s  case has not. boon sol ved in a ci used

t o  t h I s  d~it i’.

In t 011115 0? 501 V~ib 11 I ty  it woul d appt’ 111’ t hat flit ’ unsol ~
V tIbl 0

llIJfl i pul ~m to r oitl~- ot ters Iii ~.ni ’~isod C(~i1~U tat  ional ~-omn p ii ’xl ty. But

compari son w i t h  t he’ ot her dt’c iqn t ac t  oi’c ( i ’ . obstacle avoidance

approach anq lt ’s ami d workspace ) c leanly sho ws t hi’ superiority of the

qent’ ma I s i x  t iet iret ’ of — f ree’diwi nan I pu l at or over t he fri V al conf i qura t ion .

- 
T he qt ’ no ra I ma n I pui at or c ~ I d O.Ic 11v rt’ac Ii around an ~bs t ac it ’ . w hereas

L.
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(a) Triv all y Sol vable
Man ipulato r Configuration

B
I

A

(b) Unsol vabl e Manipulator
Confi gurat ion

Z .8

Figure 3-1
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the geometri cal ly simpl er arm coul d not. it can also be shown that

the workspace and approach angles of the general configuration are not

as l imited as those of the simpler manipul ator. Cl early, as the

generali ty (i.e., the ability to avoid obstacles, to reach more posi-

tions in the work area, and to approach an object from different angles)

increases , so doe s the number of calculations required to solve for

the joint space in closed form. In constrast to the analytical sol u-

tion , an iterative technique generally requires the same number of

calculation s for the trival solution as the general solution (e.g., the

linearized equations of motion resul t in six incremental equat ions in

six unknowns wh ich are easily sol ved by a 6x6 matrix inversion). But

usin g the iterative method defeats the pu rpose of generality since it

results in only one out of the possibl e 32 differen t joint configur-

ations~~~. To obtain the 32 configurations an iterative search of

the joint space woul d have to be performed with the end resul t that

V as the generality increases the cal culation s increase (This method

coul d be extremely expens ive compu tationally, compare d to the closed

form solution).

Clearly , the two design factors , generality and joint space

solvability , oppose each other computationa lly . The question of how

to select the degree of generality versus sol vability is still un-

answered . In fact Roth~~~
1 has said (speaking on kinematic design of

a manipu lator) that , “ . . . except for simple geometries there exists

almost no rational way to make decisions ” . The decision can only be
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based on the comparison of the manipul ator configuration with  the speed

of computation. That is , given a specific configu ration , how fast must

the processor be to generate real-time joint space sol utions? In-

versely, gi ven a fixed processing speed , how much generality can the

mani pulator have and still be sol vable in real-time?

In many industrial appl i cat ions it is possible to precalcu-

late the joint-space solution prior to task execution , and hence ,

processor speed is not as important. But teleoperators under super-

visory control are by nature real-t ime processors. Therefore , any-

thing that reduces the calculation time will increase the available

general i ty. V

Some of the methods by which calculation speeds can be

increased are:

1) hardware multiply/divide
2) memory l ook up tables

V 3) optimi zed programs
4) special matrix manipul ation features
5) parallel/distributed processing
6) precalcul ation of variables when possibl e

To conclude this section , there are a number of kinematic,

physica l , and processor design factors which infl uence the ultimate

configurat i on of a supervisory control l ed remote manipulator . There

are undoubtedb ly many more which will become apparent as these sys-

tems become more sophisticated . To date there is no concise tool

for determining the opt imal configuration given the desired attributes.
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Therefore, design decisions will have to be made on a comparison and

tradeoff basis until a better method is available.

3.2 Control Philosophy

The control philosophy is the method by which the manual

input s or supervisory language commands are executed. The control —

philo sophy encompasses every control action from higher l evel

processing to the simplest rudimentary position control . At times

it is difficult to distinguish the features of the control philosophy

, from the features of the other categories equipment , interfaces

and languages. This is easily understood considering that the equip-

men t, interfaces and language are created to control the manipul ator ,

and hence , cannot be independent of the methods in which it is

desired to control it.

— There are four state variables which can be directly measured

• and used to control the system : (1) position/orientation , (2) linear/

angular  velocity , (3) linear/angular acceleration , and (4) force/

torque (Only the linear terms will be used throughou t this report with

the impl icit understanding that these terms will represent both linea r

V 
and angular terms). State variables used to control the system which

cannot be directly measured are kinetic energy , potential energy ,

and power consumption . State variables can be classified according to

V whether they are related to the “internal” state or the “external”

state of the manipu lator .~
201 For example , an internal force state

L. woul d be given by the joint torques, whereas, the externa l force state
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would  be gi ven by th e force appl i ed to the end eff ector (The externa l

va riab les are us ua l l y  refe renced to the end eff ector for con ven ience).

The control philosophy can be divided into four categories

which determine how the stab variables are control l ed: (1) manual

vs computer control ; (2) control strategy ; (3) control algorithm ;

and (4) l oop closure . Within each of the above categories there are

a number of subcategories or implementations. All of the subcategories

can be included in a system , but at any one instant only one subcategory

can be used (i.e., the subcategorie s are mut ua l l y  excl usi ve at any

i nsta nt of time ).

(a) Control -Manua l vs. Computer

V T I-m e fi rst control philosophy category relates to the degree

of manual and computer control to be used by the system. The types

of control available are not simply manual or computer, but any com-

bination of the two. Sheridan and Verp lank~~~ have discussed this in

terms of how much of the task-load is carried by each. Figure 3-2

is a modification of their original figure . The figure demonstrates

the possible permeation s of manual and computer control , from a purely

manual control mode with the operator carrying the entire load to a

completel y autonomous compu ter mode . For example, forms of shared

con trol are , resol ved motion rate control , index control (Chapter IV),

or a computer aid which relieves the operator by controlling some of

the degrees of freedom. Examples of traded control are emergency

takeover by either the human or computer and a supervisory system
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which takes control for brief periods to perform a task.

(b) Control Strategy

The second category of a control philosophy which can be

distinguished is called the control strategy. The fol l owing control

strategies have been identified : (1) fixed , (2) adaptive , (3) learning *,

and (4) cognitive . These terms, as used here , refer to their con-

ventional meanings and are independent of the i ntelligence (algorithm)

used to achieve these strategies (i.e., to be fixed means to remain

constant , to adapt means to modify behavior in response to the environ— V

ment, to learn mean s to acquire through experience the ability to dis—

criminate between inputs , and to be cognitive means to be aware of one ’ s

world). Before proceeding with explanations and examples of these

strategies it is necessary to investigate the significance of the

phrase “independent of the intelligence (algorithm) used to achieve

these strategies. ”

Many investigators feel that a machine should only be

labelled “adaptive ” if it ma kes a self-adjusting decision based on

its environment . Conside r a machine that , each time it retr ieves

a tool remembers the position, so that it can adjust to changes

in the  tool rack position . Is the machine adapting to change s in the

environment? Conside r a rel ative file (Chapte r II) for removing a

*The terms adapt i ve and learning do not refer to the conventional
method by whi ch a servo-control l oop modifies its performance to
changing electro-mechanical parameters.
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a nut which modifies the end effector positions and orientations to

the nut . Is the machine adapting to the environment? Neither of

these examples makes a “decision ”, and therefore many investigators

relegate these machines to the real m of non-adaptiveness by virtue

of their lack of “intelligence. ” But intuiti on and cornon sense

says they are adapting. Shoul d biologists consider bacteria to be

non-adapt i ng because they don ’t make decisions? Similar exampl es

can be cited for the remaining strategies. Winston , comenting on

machine intelligence , has considered this problenl:[2hl

As l ong as the origin of an idea is obscure ; its
invention seems profound , but as soon as the explanation
surfaces , we wonder , “Why didn ’t I think of that ,
its trivial!” As soon as a process is dissected ,
studied and grasped , the intelligence invariably
seems to vanish.

Much the same happens when programs are studied.
Vintage performance becomes yin ordinaire once de-
tails are exposed and limitati ons seen. Instead of
embracing a system ’s intelligence , study dilutes it.

This thesis maintains that regardl ess of whether an al gorithm

with a “decision process” or “artificial intelligence ” can be dis-

cerned, if the device “appears ” to adapt,learn , or think it will be

attributed these qualities.

A fixed strategy can be recognized by a sequence of control

commands that maintain a constant relationship or change in a pre-

dictabl e manner as a direct result of a measured state variable. For

example , under computer control the commands generated by a fixe d -

strategy control language woul d always be executed in a predictabl e

I
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sequence . Even if a branching command is enabl ed as a resul t of a

measured state variable the outcome is predictabl e (e.g., GO TO A

UNLESS FORCE=lO THEN GO TO B). Under manual control a fixed strategy

would be typified by resol ved motion rate control which always responds

in a predetermined manner for a given input .

An adaptive strategy modifies its behavior in response to V

the environment by a predetermi ned method , but, in contrast to a fixed

strategy , the result is not predictable to any degree of certainty .

For example , compare the fixed strategy given above which fol l ows a

predetermined sequence and has a predictable outcome (i.e., ei ther  A

or B), to the adaptive tool-retrieval exampl e cited previously. Al -

though the method of adapting is predetermined (i.e. , record a new

position each t ime tool is retrieved) the resul t is not (i.e., the new

tool position has an infinite number of possibilities). Whenever

a manual control mode is used the human operator is usually the V

adapt ive element. But , imagine a strategy that maintains the orienta-

tion of the end effector (e.g., to prevent the spillage of a V l iq u i d )  

V

while al l owing the h uman operator to manuall y control the spatial

degrees of free dom. Is this an adaptive strategy? Although it may

appear to be an adaptive strategy, the response is predictabl e in

the same manner as resol ved motion rate control , and hence, the

strategy is fixed.

As an exampl e of adaptive manual con trol , consider a task

and vehicl e which move rel ative to one another in a random manner.
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T hrough the use of the orientat ion manipulat or (Chapter II) the manual

control inputs can be superimposed on the slave arm allowing the op-

erator to perform the task manually while the end effector is continu-

ously adapted to the random task movement.

A learn ing strategy is similar to an adapt ive strategy in that

both adapt to the situation , but unlike the adaptive strategy the

learning strategy, through experience , acquires the ability to dis-

criminate inputs which previously it coul d not discriminate . For ex-

ample, a learning system might watch the operator perform a task
V 

until it is sure (from its ob servation of successes and failures) it

understands the task, at which point it progressively relieves the

Operator as its confidence leve l increases. E22]

A cognitive strate gy involves an “awarenes s ’ through a

detailed mode l of the worl d upon which the algorithm makes decisions

H ( Remember that these decisions canbe made by a “dumb ” or “ intell igent”

j algorithm , but the strategy wi l l  be labelled “cognit ive ” if the

system demonstrates these attributes). This form of control has

been called “world-modelling ” , by some investiqators.[4~
23 24 

~ The

world-modelling in supervisory systems is usuall y done by the human

operator.

(c) Control Al gorithm

The control algorithm is the method by which the control

strategy is accomplished. Mathematical , logi cal , statistical , or

pseudo-biol ogical procedures can be used by the al gorithm to manipu-

1
I
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late the state variables.

Control algorithms can be classified as either mechanistic

or intelligent . Hence , it is possible to control an arm in either a

manual or compute r mode using a fixed , adaptive, learninq , or cogn i-

tive strategy which demonstrates mechanistic or intelligent properties .

The “self-adj usting decision based adaption ” mentioned in Section 3.2b ,

is actually an intelligent-adaptive system , whereas the tool -retrieval

example is classified as a mechanistic-adaptive system.

The number of availabl e algorithms is so large that onl y a

few will be l isted as an indication of the ~~~~~~~~~~~~~~~~~~~~~~~~
26,27 ,28, 29 ,30,31 ,32 ,33,et.al .]

Fixed Strate~ies

1) Terminal Point Control - the operator spec ifies the final position
of the end effector and the control algorithm determines the tra-
jec tory .

2) Path Control - the ope rator , or processor , specifies path con-
straints which the con trol al gorithm uses to determine the tra-
jectory. Can be mechanistic or intelligent.

3) Resol ved Direction Con trol - the operator specifies a displacement
al ong a coordinate fi xed in the end effector and the algorithm
determines the joint actuations necessary to perform that movement.

4) Resol ved Rate Control - the operator specifies a rate along a
coordinate fixed in the end effector or vehicl e and the al gorithm
determines the joint velocit ies required for the desired movement.

5) Force Control - the operator, or processor , specifies a desired
end effector force vector and the algorithm determi nes the re-
quired joint torques.
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Adapt i ve, Learning, and Cognitive Strategies

1) Simple Mode l Control - a simp le model is continuousl y updated
by the algorithm to adapt to environment changes (e.g. , adaptive
tool - retr ieval). This is a mechanistic algorithm .

• 2) Decision Model Con trol - a statistical al gorithm (e.g., maximum
V l ikel ihood, corre lation , etc.) is used to make control decisions.

l~ is is an intelligent algorithm .

3) Worl d-Mode l Control - a detailed model of the manipulator environ-
mnent is used by a cognitive algorithm for decision and control
purposes.

4) Psuedo-b~ol ogical Control - an algorithm modelled on theories of
biol ogical mechanisms (e.g., the cerebellum).

(d) Loop Closure

The final philosophy category is related to the state variable

feedback which the algorithm receives. The state variable feedback

determines whether an al gorithm is open or closed loop. A generalized

bl ock diagram of an ope n and closed loop system is shown in Figure

3 -3 (Not e that the local servo control loops that exist in any sizable

machine are excluded from thi s generalization). Control is considered

to be open l oop when the external state variables (i.e., end effector

output) are not directly fed back to the control al gorithm . Some

manipul ators which are considered to be closed l oop mechanisms by

virtue of internal state feedback (i.e., joint feedback) are actually

open l oop devices. The l oop is not considered to be closed because of

the effects of backlash , gravity droop , static link/actuator spring iness,

dynamic link/actuator wind-up ,etc.
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A l oop is considered to he closet1 when the actual end ef-

t e V t or sta tt ’ var I ab it ’s are ted back to the control 1 er - The e x t e r n a l

stat~’ variables which art’ fed back to the algorithm to k-lose the

1 oop are obta i ned by exterocept I vt’ sensors (both exterocept I ‘~ ‘ arid

propr I ocept Vt ’ S~ f lS tWS art’ di sctrV ‘~ed in Sect ion 3. 3)

To con ci ude this sect ion . a control phil osophy has been

toun 11 to con s I ‘ t of four design categories , human vs . computer  con —

,-o l , cent rol st rat e’-m y , control cii qor i thm • and loop closure. To

~ im i 1 d a supervisory system , the control philosophy shoul ii be speci f ied

prior t. o the de Si on and selection of the equipme ni t • i n terface s • and

1 an’-iuage . This is easily understood consider ing that the equipment  *

in tertac es and 1 anquag ’’ are i-reated to c omi t rol the m an I pul ators * and

here fore * cannot he independent of the methods by which it is con—

trolled.

3.3 Interface Pe si~ n

The i nt e r tac e s wh ich  n~ st be consi dered when bui 1 dinq a

super isory sys t em are the man —m ac hi ne i rite rface and the man i pul at or—

• environment in terface . F ach of these wi l l  he consi dered separat e ly
I

(a) Man~Ma~. h in c Interface

There art’ two boundaries across which m an and machine must 
V

coninun I ca te — the control interface (man output 1mnac hi nt ’ input) and t he

displ ay in te rface (man inpu t ‘m achine output ) . The control Interface

V 

con si St s of any device by which the huma mi operat or ccwimnun i cat  es wit h

[ 
-
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the man ipulator system. Conversely, the display interface is any

device by which the manipul ator system comunicates with the human

operator. The control and display interfaces are the means by which

comunication occurs , not the met ho d (i.e., language ). It is well

known that man acts as though he is a single-channel signal detector and

processor at a given instant)~~~ Therefore , to effectively communi-

cate across these boundaries require s an efficient use of the limi ted

human commun i cation channels.

Some of the variables which havL been identified as impor-
[ 4 3 5 36 1

tant criteria for man-machine interface design are: ‘ ‘ -‘

1) symbol ic/anal ogi c communication

2) apparent/transparent comunication

3) stimulus-response compatibilit y

4) communication chan nel redundancy

5) consistent format and configuration

6) dedicated or generalized devices

7) ease of use

8) interface compactness

The last two design categories (ease of use and interface compactness)

are self-explanatory , and hence , no further discussion is necessary .

The remaining factors will be examined on the following pages.

All man -machine commun ications can be divided into two

forms — symbolic and analogic. Symbolic communication has an abstract ,
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coded meaning since it impl ies communication through symbolic assoc-

iat ion rather than direct physical analogy . A set of alpha-numeric

characte rs on a screen , a tone signaling an emergency , key s pressed

in a part i cular sequence , and a lit ready-bul b represent man-machine

communication through symbolic association . Conversely , analogic

communication has a distinctly physi cal meaning since it represents

communication through direct spatiotemporal analogy rather than ab-

stract association . A video monitor showi ng the manipul ator movement ,

a bar graph of appl ied force, a tone which varies with pressure , a joy-

stick , a poteniometer for speed adjustment , and a master/slave manipu-

l ator represent man-machine communication through direct analogy .

Verp1 ank t 3
~ has suggested that an optimal computer—control l ed

manipul ator woul d use a combination of both symbolic and analogic com-

muni cation modes. It is still too early to specify the degree of

symbolic and analogic communication which shoul d be designed into a

supervisory system , but as more functions are relegated to the computer the

trend will probably be toward the symbolic end of the spectrum (See

Section 3.4).

As shown (Section 3.2), combined manual and computer control

of a teleoperator can be classified as either shared or traded control .

Sheridan and Verplank t- 41 have proposed that an important design factor

is indicated by the degree of i nterface transparency (apparent versus

transparent) during shared and traded control . The term “transparent”

signifies that the operator is unawa re of the interface and may actually
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mentally project himsel f into the task envi ronment. The term “apparent ”

indicates that the interface literally forces awareness of i tself on

the operator and is clearly recognized. A stereo camera which is

V servoed to the operator ’s movements allowi ng the operator to feel as

though he were -in the remote environment is an exampl e of a trans-

parent di spl ay . An exampl e of an apparent displ ay woul d be an audible

signal indicating an emergency. Transparent control is exemplified by

a maste r/slave manipul ator with force feedback through which the op-

erator identifies with the remote environment. A sudden jol t or jerk

in the master arm signaling return from computer control is an exampl e

of an apparent control interface. These examples suggest a

design philosoph y which can be used to de te rmine when an interface

should be transparent or apparent , that is; (1) if control is traded

the interface shoul d be apparen t , (2)  if control is shared the inter-

face shoul d be transparent , (3) if the displ ay requires imediate

attention the interface should be apparent, and (4) if the displ ay

requires continuous attention the i nterface shoul d be transparent.

Another important interface design factor is called

stimulus-respon se compatibility . Simpl y stated , the communication

signal , control or display , should have a “natural correspondence” j
with the operator responses requested or given. If the stimulus

and response do not have the required “natural correspondence”, the

operator wil l become confused. A form of stimulus-response in-

compatibility occurs , for examp le , when the human operator ’s internal

-86-
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model of an anticipated hand motion does not coincide with the actual

hand motion . This form of stimulus-res ponse incompatibility is some-

times referred to as cross coupling (The term “cross couplin g ” imp l ies

an undesirable relationship between the degrees of freedom , that is ,

motion in the anticipated han d coordinate direction results in a

$ motion in an unex pected direction . See Appendix A). An anal og bar V

1 graph wh ich decreases as the applied force increases is an example of

a displ ay interface with stimulus-response incompatibility. Use of

anal ogic control s does not guarantee that stimulus-response compatibility

- 
w i l l  occur , and conversely , use of symbolic control s doe~ not auto-

• matically mean that stimulus-response incompatibility will occur. Since

• stimulus-respon se compatibility has been extensively treated in the

literature [see ref . 4 ,38,39 ,et.al.], specific design rules will not

be given ,except to note that stimulus-response incompatibility is

detrimental to operator performance and should be removed whenever pos-

.1 s ible  to avoid confusion and errors.

Man-machine communication can also be improved through the
1 use of redundant channels. Redundancy increases the probability that

j a signal will be received or acknowledged. For exampl e, when con trol

is traded between man and machine it is important that the transfer

I be apparent to the operator, and hence , redundant visual , auditory ,

~ and tactile cl ues will insure operator recognition of the traded

V status. It should be real ized that these are independent comunit-ion

I 
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channel s saying the same thing, and not simply one channel which is

d ispl ayed or controlled in a redundant manner. As another example of

redundant dis pl ays , consi der the methods by which the machine can signal

recognition of a command . It can visually echo the command , it can

audibly acknowl edge receipt , and it can tactually signal completion .

He n ce , when a button is pressed a tactile click ; an audible tone, and

a v isual message coul d all be simul taneousl y used to enhance the chances

of operator recognition . Clearly, whenever possible , redundancy

shoul d be used to increase the probability of communication reception

or acknowledgemen t.

Consistency of the control and displ ay format is extremely im-

portant for effective man-machine i nteraction . Symbolic and analogic

displ ay and control formats should be structured for easy reference

and operator confiden ce . For example , al pha-numeric feedback should

continuously displ ay ope rational information , such as state , control

mode , indicators , etc., in a uniform manner so that the operator can 
V

obtain the de~i red informat ion quickly. Displ ays and control s should

al so be arranged in a “tight” pattern within easy reach and view of

the operator , but should not obstruct or interfere with each other.

The man-machine interfaces shoul d be grouped according to usage with

the more heavily used control s and displ ays given preferential l ocation .

Consideration should be given to the amoun t of attention the user will

be required to al l ocate to each interface . A well known “candy store”

phenomena occurs when a chil d has so many choices that demand his
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attention that he cannot make-up his mind. Bejczy has an i nteresting

method of defeating the “candy store ” effect only one dis play

interface with a menu of option s is used. Through voice commands the

operator can select the displ ay of his choice .

The question of whether displ ay and control interfaces

shoul d be dedicated or general ized devices has remained unanswered

for many years. For exampl e, although a general purpose keyboard

is f lex ib le , a dedicated keyboard is often more efficient (see

Language Philosophy Section). Which is more important , general i ty

or efficiency? An interesting solution to this problem has been

achieved by using a virtual image to l abel the keys, givi rm q the

dedicated keyboard the flexibility of a general purpose keyboard .~
35
~

As another exampl e , consider an analog control interface — shoul d

a generalized position control l er which is manipulator independent be

used , or a dedicated master?

To conclude , the man -machine interface invol ves two boundaries—

the control and displ ay interfaces. Although these two boundaries are

distinctl y different (input versus output ) there are eight common

design considerations which must be eva l uated to achieve effective

• communication through the limite d human channels available at each

• boundary .

(b) Mani pul ator—Environment Interface

The manipul ator—environment interface is responsible for

sensin g the interna l and external states of the manipulator. Sensing
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of the internal manipul ator state is called propriocept ion. Sensing

of the externa l state of the manipul ator is called exteroception.I2~~

The term proprioception is defined as being aware of

stimuli produced within oneself. Proprioceptive sensing of the in-

ternal manipul ator state usually concerns geometric/kinemati c proper-

ties (i.e., sensors for measuring the posiUon s,velocities,accel erations

and torques of the joints). Proprioceptive feedback is open loop

information with respect to the end effector (see Figure 3-3),

since the end-effector output is neither directly measured nor fed

back for comparison with the commanded value. Cl early, the accuracy

and precision will depend heavily on the calibration and repeatability

of the system. For example , elastic arms with large masses toward the

end-effector will be uncontrol l able)~~~ Many of the important mani pu-

l ator selection factors (e.g., backlash , link/ joint mass and stiffness)

cl early resul t from systems which use only proprioceptive information

for control .

The term exterocept ion is defined as being aware of stimuli

produced outside of oneself. Exterocept ive feedback is comonly

provided by proximity , tactile, texture, slippage , force/torque, and

spatiotemporal optical sensors (i.e., digitized cameras). In

contrast to propriocept ive feedback , exteroceptive feedback closes

the l oop directl y around the end effector. Since the end effector V

output is compared to the comanded val ue, exteroceptive sensors re-

duce the necessity for a highly calibrated and repeatable system
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(e.g., if the end—effector is approximately on target , precision align

with exteroceptive sensors). Some of the uses of exteroceptive infor-
• mat -i on areU4O]: (1) correcting position errors, (2) constrained motion ,

(e.g. sliding al ong a surface), (3) error detections (e.g. collisions),

(4) training (e.g., a learning system that is taught how a block feels),

- and (5) classificat ion of objects (e.g., size, weight, etc.). It

shoul d be noted that exteroceptive sensors shoul d not be considered

7 as a substitute for good manipulator design — propriocept i ve and

exteroceptive sensors shoul d be used to complement one another.

In conclusion , the responsibility of the manipulator-environ -

• nient interface is to measure the internal and external state of the arm .

The design of proprioceptive and exterocept-i ve sensors should be based

on reliability, accuracy, precision , stability , and repeatability of

the end effector.

* 3.4 Language Philosqphies

According to a classification described by Park[23], manipu-

l ator systems can be divi ded into two categories —explicit and

V 
world-modelling. Expl icit systems assmrie “someone” (man or machine)

will be there to teach the machine what to do in a step-by-step manner.

Worl d-modelling systems, on the other hand , attempt to give the computer

an In ternal “picture” of its environment upon which it can act and pl an

the required step—by-step instruction s (i.e., artificial intelligence).

For example , the human operator using a world-modelling system woul d

say, “open the val ve” leaving the details to the computer, whereas the
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human operator using an explicit system would describe “how” to

open the valve .

Al though these two categories appear to be dist inct , it is

possibl e to concei ve of a system which , after being explicitly pro-

grammed to perform a task, can adapt to new environments by modi-

fying its instruct ion set on the basis of an internal world-model.

Woul d this be an explicit or worl d-modellin g system? Clearly, this

classification deteriorates as expli cit systems with world-modelling

capabiliti es prol i ferate. In fact, Park indicates that the boundary V

separating the two categories is no longer distinct :

t “The two kinds of systems are becoming more al ike.
Recent world-modelling programs permi t the user
to decide on the tactics to be employed , and they
can also deal with more uncertainty in their world
models. Explicitly-programed robots are beginning
to make some strategic decisions for the user , such
as planning pick-and-place motions to avoid ob-
stacles.” [231

There is al so a tendency in the literature to label a system as “world-

modelling ” (implying a high degree of planning and artificial intel-

ligence ) when in reality it is an adaptive or learning strategy which

simpl y adjusts an algorithm . (This is not meant to imply that all  adap-

tive and learning strategies are devoid of artifical intelligence , but

a system which records the operator ’s movements over a period of time

and takes control upon recognition of a pattern (i.e., the operator

did the same thing twice) is l ittle more than a mechanistic record/

playback strategy) .
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Clearly, it is necessary to devise a new or modified cl assi-
V fication system which will remove the ambiguities and vague usage of

the term “worl d-modelling ”. Before proceeding with this cl assification ,

note that the “worl d-model” is used for two disti nct purposes—planning

and execution. The confusion resul ts from the fact that pl anning is

V a function of the task description (language philosophy) and execution

is a function of manipul ator control (control philosophy). Hence, it

is possible to have an apparent contradict ion by defining a task “ex-

plicitl y” and executing it on a “world-model ” basis. The term “explicit”

refers to the language used for task description—not the system, and

the term “world-modeller ” refers to the method of execution—not the

language. 
V

It is suggested, therefore, that the term “worl d-modelling ”

be used as an adjective to define a system which bases its decisions

on a model of its worl d (task). Whenever speaking of the language

by which the system is programed the terms “explicit” and “implicit t’

will be used. As before, the expl icit language assumes either man or

a world-modelling mach ine will specify the comands necessary to per-

form the task. The implicit l anguage , though , assumes each command

is a generalized instruction which should be translated by the machine

into step-by-step instructions. Noti ce that the term “world-model ”

was not used to define an implicit language , since it is possible for

a system to develop a set of instructions strictl y on the basis of a

“dumb” al gorithm (e.g., a cross-assembler which simply transl ates

higher l evel l anguage commands to l ower level commands). Since the
V

, 
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world-model is defined as a system parameter (i.e., data base), it

shoul d be cl ear that both the explicit and implicit languages can now

use world-models without ambiguity in definition.

The explicit and implicit l anguages have the foll owing

attri butes :

EXPUC IT LANGUAGE

1) Human operator responsible for pl anning and program order
2) Instructions are detailed and specific
3) Compl ex tasks requ i re many instructions

IMPLICIT LANGUAGE

1) Robot responsible for pl anning and program order
2) Instructions are simple and abstract
3) Complex tasks can be described in a few instructions

As a method of comparing languages, Grossma n and Tayl or [4h 3 ,

have suggested that , ~the l evel of manipulator languages is best

measured not by the richness by their computer science content, but

rather by the number of source statements required to code specific

appl ications programs” . The val ue of this method as a means of

classifying languages which range from simpl e explicit commands to

abstract implicit ca~mnands has not been proven . But this method

coul d at least provide a hypothetical indication of the time required

of the huma n operator to define the task. Since supervisory manipu-

l ation requires real -time interaction , the time the operator spends

programing directly effects the task completion time (see Figure
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5-1 wh i ch shows hypothetical task completion times as a function of

task complex ity). Hence , one design goal for a supervisory language

should be to allow efficient comunicat ion between man and mach i ne

(it shoul d be remembered that this discussion deals only with the

method of communication and not the means , i.e., language and not

interfaces). This desi gn criterion appears to indicate that an im-

plicit language is the better choice. But if the computer planning

time is greater than that for a human operator , the advantage of an

implicit language would be lost.

Explicit and implicit languages can be further broken down

into two categories of code— ~ramatical/syntact ic code versus pro-

gram code (e.g., “I want you to get me the scal pel now ” versus “scal pel ”

often used by doctors in an operating room). A programing code is a

highly specialized language wh i ch must be learned with all its idio-

syncrasies before command entry can begin , while a gramatical/syn-

tactic language strives for a natural conversation between machine

and operator with the ultimate goal of simpl e,active man-machine com-

munication . Unfortunately, “natural”  conversations tend to be ex-

tremely awkward methods of code entry when input must be entered

through a keyboard (Indeed , even verbal commands tend to be slow for

specialized conditions such as an operating room). Clearly, a pro-

graming code has a higher information density for each operator in-

put compared to the grammatical/syntactic code. For example , an

explicit verb-noun-parameter-te rminator language used by Percep-
V tronics[361 requires the ~ol l owinq input comands to define a point
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which the manipul ator will be requ i red to return to:

DEFINE POINT 7 DO

The same commands could be written as one instruction by allowing

the computer to assume that one keystroke means “define this point,

call it a sequential name , and terminate the stroke automatically

if the required information has been obtained” (see DPATH in the

DEFINE section). Clearly the advantages of grammatical/syntactic

code can be overshadowe d by the greate r number of keystroke s or

verbal commands required for data entry.

Many designers believe that If the operator must adapt

his behavior to the demands of the machine , optimal communication

can not be achieved. But a long list of unaturaltt situations can

be cited where the human language is deliberately constrained for

precise conriunication . For example, doctor-nurse comunication in

the operating room, pilot-air traffic controller communication ,

pilot—gunner communication (e.g., why say, “There’s a silver mi rage

MIG fighter coming over our starboard wing at 700 mph firing... ” ,

instead of “bandit at 3 o’clock high”?), etc.

Regardless of whether the language (explicit or implicit)

is natural or structured, there are basic components which are common

to all. In coll aboration with Verplank the fundamental elements of

manipulator language have been identified :
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VARIABLES - A quantity of data identified by a symbolic name . There
are two types of data quantities associated with manipulator languages —
state and program variables. The appropriate state variables have been
identified previously (Section 3.3). Exampl es of proyram variables ire
counters , fl ags , etc.

DECLARATION STATEMENTS - Non-executable statements (i.e., they do not
perform an action or operation) whi ch simply specify a gi ven condition .
For exampl e, a declaration coul d state that the entire command string
should be interpreted in joint coordinate s versus , say, vehicle coor-
dinates .

ASSIGNMENT COMMANDS - Replaces the current values of a variable with
the quantity specified by the command. Assignment conii~ands candirectly assign a value , call for input from sensor readings , or re-
quest syn~olic/ana1 ogic input from the operator.

ACTION COMMANDS - Primitive manipulator commands that request a physi-
cal response from the arm . These commands control the state variables
(e.g., position , angular velocity , force , etc .). The requested action
can be either absolute or relative to the curre nt state and ex p resse d
in any state space (e.g., joint coordinate s, hand coordinates , vehicle
coordinates , etc.).

OPERATION COMMANDS - Commands used to modify , transform , and manipu-
late both the state and program variables . As examples, an operation
can request a transformation from one coordinate frame to another ,
an addition of two variables , etc .

FLOW-CONTROL COMMANDS - Higher l evel language commands that regul ate
the direction of the program based on tests and branching. Flow-con-
trol commands allow the user or implicit compilier to exerc i se exter-
nal control over the sequence of execution . Tests are either performed
on the state variables (position , force , etc.) or the program van-
ables (counters , flags , etc.). For exampl e, program flow coul d be re-
directed if a touch sensor is activated or a force encountered.

I
COMMUNICATION COMMANDS - Commands used to request or del iver some
form of man-machine interact ion . An exampl e, woul d be a comman d ,
that when executed, dis pl ays a message or outputs an audibl e signal .

SUBROUTINE CALLS - Sequences of programming elements which have been
identified by a symbolic name so that the sequence can be executed by
one reference (Note - A subroutine call is not an imp licit l anguage
as a translation is not be ing performed). Subroutine cal ls are impor-
tant because they allow a compl i cated procedure to be execute d as a
sequence of less complicated tasks (subrout ines).

£

I
‘ I  

________________________~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



Several of these fundamental elements are similar to other

programing languages (FORTRAN , APL , etc.), and , therefore, many of

the procedural and design rules which appl y to compu ter science are

also appl i cable here . For example , individually named variables

should be used to allow personal labeling versus fixed names such

as “1” through “9 ” , programs shoul d be structure d to avoid confusion

but not at the cost of execution speed , etc. Many design questions

are still actively debated. For example , what is the best method

to terminate a command or line—a SEND command , a carriage return ,

or an automatic termination when the expected information has been

obtained?

Generally , a supervisory manipulator language should have
[4 ,24 ,42 ,43 ,44 ]the followi ng attributes:

1) Easily learned , read , debugged , and used

2) Constrained and standardized code

3) Real -time command modi fication (editing)

4) Real-time code generation

5) Manipulator independent

6) Easily commented

7) Easily upgra ded

8) Appl ication (task) flexibility
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In conclusion , it has been shown that there are two methods

of generating code for manipulator languages—explicIt (human planning )

and implicit (machine planning). Al though impl i cit languages appear

to be more efficient commun i cation modes, the machine planning time

can significantly reduce their effectiveness for real-time supervisory

systems. It is too early in the development of supervisory man ipula-

tion to define an optimal language , but a compromise between the two

which allows the operator to perform the higher functions of pl an-

fling and worl d-modelling, letting the computer do the simpler pl an-

fling and worl d-modelling, woul d probably result in an optimal system.

It is possibl e, though , to project the future development of supervisory

manipulation as a gradual change from explicit languages to implicit

l anguages as the computer planning time approaches that of the op-

erator.

Languages can be further divided into constrained and natural

commun ications. Constrained l anguages are more efficient compared to

n atural languages but require a complete knowledge of the specific

code . Again , it is too early to predict which will result in the

optimal system, but it can be assumed that a combination between the

two will become more prevalent.

Manipul ator languages have basic components which are

fundamental—variables, declaration statements, assignment commands,

action commands , operation commands, flow-control commands , communica-

tion comands, and subroutine cal ls.  Although many procedural and

_g
~

_
4.

4



design rules have bee n determi ned there are still many questions

which remain unanswered .

I
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CHAPTER IV

SUPE RMAN : A SYSTEM FUR SUPERVISORY MANIPULATION

To investiga te supervisory control of a remote manipulator ,

an experimental system cal led SUPERMA N was created. The system was

built on the theoretical foundation ou tlined in Chapter 3. Before

proceeding with the specifi c SUPERMAN design details , a summary ex-

plana tion of the system will be necessary .

Figure 4-1 shows the general relationships between the

multiple i nputs (keyboard , dedica ted symbolic keys, and ana l ogic
S.

inputs), the computer states t STANDBY , DEFINE , EDiT , EXECUTE ,STOP ,

and TAKEOVER) and the control modes (RATE , MIXED MASTER/SLAVE AND

RAT E , MASTIR / SLAV E, and COMPUTE R control ). The solid rectang les

in the figure represent computer states with the exception of the

rectangles wi th circles which represent control modes. The man-

machine interfaces are represented graphica lly on the left of the

fiqure (The joystick , TV mon i tors and switches on the computer inter-

face are not s hown). The solid arrows in the figure IndIcate

transitions be tween states , the dashed arrows represent input sig-

nals , the half-arrows Indicate control mode communications , and the

dottled lines represent output signals. Con trol normally resides

In the STANDBY state . Through this state the operator can enter one

of the three primary states STOP, DEFINE , or EXECUTE . Secondary

states (TAKEOVER and EDIT) can onl y be entered through one of the

primary states.
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b.

With the basic foundation established , the factors which

infl uenced the design of the SUPE RMAN sys tem will now be considered.

4.1 SUPi~RMA N Design Considerations

In Chapter 3 it was stated tha t there are four desi gn

factors which should be considered when bui lding a supervisory sys-

tem ; (a) manipulator/processor selection ; (b) control philosophy ;

(c) interface design; and (d) control language. Each of these

factors will be deal t with sepa rately.

(a ) Manipulator / Processor Selection

Unfortunately , the selection of the manipulator was not

determi ned by geometric constraints (i.e., solvabilit y and generality )

but rather as a matter of availabi lity . The selection of the pro-

cessor was also predete rmi ned. Therefore , to achieve better perfor-

mance of the overall system these components were modified.

The SUPERMAN system uses an Argonne National Laboratory

E2 master/sl ave manipulator i1Figure 4-2) .  The modi fications to the

arm consisted of mechanical and electronic alterations which were

the direct resul t of a change from syncro/resol vers to potentiometers

for position feedback . Modifications to the geometry of the existing

arm were impractical , and therefore, only minor changes ‘in gearing

were done. Details of the modificat ion s made to the arm can be found

in Appendix 0.
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The manipulator/compute r Interface designed for the proj ect

has 32 analog to digital inputs , 16 digital to analog outputs , 32 digi-

tal inputs and 16 digital outputs. The central processor , affectionately

known as Murphy , is an Interdata Model 70 with 64K bytes of memory .

I The M70 Is Interfaced with two Diablo disk drives and a modified Imlac

I vector plotting scope. The processor performs a hardware floating point

multi ply in 54.0 ~ seconds and has a basic register-to-register instruc-

ti on time of 1.0 p seconds . Many of the program simplificati ons would

not have been necessary had a faster processor been available. On

I the basis of these recomendations the Man-Machine Systems Lab is pur-

chasing a PDP-ll/34 for future studies . The future SUPERMAN system

may even use a form of distri buted processing by assigning displ ay

and joint driving functions to microprocessors.

(b) Control Philosophy

The control modes which were implemented on the SUPERMAN

I system are explained in the STANDBY section . It was decided that

only the fixed and adaptive control strategies woul d be used as the

I learning and cognitive contro l strateg ies are beyond the realm of

I this study . The adaptive strategies consist of a command which re-

cords the slave position for use during the next execution and the

I implementat ion of the relative technique discussed in Chapter 2.

1 
The SUPERMAN system presently uses propriocepti ve sensors

I for position , velocity,and torque. Although the system does not use

I any exteroceptive sensors , it performs many functions which would

i 
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normally be done through exteroceptive information ; the difference

being a matter of convenience and accuracy. For example , the end

effector force vector can be approximated through proprioceptive

joint torques.

The complexity of many of the control al gorithms requires

that the details be explained in the sections dealing wi th the

SUPERMAN language. Hence , only the mathematical control al gorithms

for positi on/orientation and linear/angular velocity control will be

considered in this section.

The three algorithms identified by Bejczy 126
~ , terminal

point control , path control and resolved position/rate control ,

were implemented on the system to drive the slave servos . The first

control al gorithm , terminal point control , is obta ined when the op-

erator specifies an end point through the OPATH command . When ex-

ecuted, the al gorithm outputs a thi rd order polynomial between the

starting position and the desired end position . The parabolic ve l-

ocity curve (derivative of the polynomial ) is given zero initial

and final vel ocities as boundary conditions. The control algorithm

cal culates the time required for each joint to reach its final

position and then uses the slowest joint time as the total path

time for all six degrees-of-freedom . Using the slowest joint time

insure s that all the joints have sufficient time to reach the final

position . Hence, the algorithm chooses an optimal path time to in-

sure that all joints arrive at the desired position at the same time.
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The operator has the option of using a path control al-

gori t~~i through the TPATH (through-path ) command. The operator can

specif y any num ber of through -points that the manipulator is to

traverse on its way to the final point. The maximum velocity that

the end effector can have as it moves through the point is calculated

from an empirically derived curve. With the initial and th roug h-po int

velocities known , the algoritP~i is abl e to fit a smooth th i rd-order

polynomial between the two points in real-time . For the calculation

of the nex t through-point the previous point 1 s velocity becomes the

initial velocity for the new curve . This process is repeated until an

end point is reached wi th a final ve loc ity of zero . If the processor

does not detect an end-point (OPATH), the computer automa ti call y gives

the last through-point in the sequence a zero veloc i ty. The path

contro l al gorithm calculates the slowest joint and then drives the

joints to arrive at the through-point at the same moment in time .

(The equation s used for the terminal point algorithm are actually

a subse t of the path control algorithm since the initial and final

veloc ities are set to zero for the terminal point).

Figure 4-3 shows the joint rotations for a number of through-

points (TP) and an end-point (OP) given an initial execution manipu-

lator position (IP). Note that the second through-point in the path

has a zero velocity because of a chan ge in path direction . The

dashed line in the figure is the joint rotation as a function of time

for the terminal point algorithm .
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generator and when appropriate , the commanded act ion Is echoed on the

monitor screen . The button s are grouped according to computer states

and control modes (The grouping of coninands will be discussed further

in the individual sections on each state). A potentiometer wi th

fine and coarse adjustments is also incorporated into the DASI key-

board for ana log Input. The potentiometer is used for data entry

in the DEFINE state , as a scaling factor for rate control modes ,

and to adjust the arm speed during execution .

A plezoelectr ic trans kicer (sonalert) is used to give

audible warning signals with a sound i ntensity o-f 50 to 80 db. The

sonal ert is used to signal (1) manipulator collisions with the en-

viron ment , (2) manual takeover with mismatch , (3) immInent movement

of the master arm , (4) execution of a relative task which exceeds

the physical limitations of the arm geometry, as well as (5) key-

stroke entry .

The screen of the Imlac vector scope is used for displ ay

of (1) the control mode which is In effect or temporarily suspended ,

(2) the computer state , (3) the list ing of the file being executed,

(4) the task file button assIgnments, (5) posItion , velocity and

force information , and (6) operator cues (see Figure 4-6) . Lights

on the DASI control box are used to indicate control modes, computer

states, and operator cues. Visual torque feedback for each joint is

Indicate d by meters located on each servo-amplifier. Visual spatlo-
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temporal feedback consist s of two video monitors with one fixed

camera and one zoom came ra with remote pan and tilt controls.

(d) Control Language

On the basis of the previously cited language considerations

(Chapter 3), it was decided that the SUPERMAN system woul d use an

explicit language with a constrained programming code. Whenever re-

quired , a psuedo-graninatical/syntatic code is used for clear and

prec ise entry (e.g., IF FORCE > XXX , INCREMEN T DOF XXX , etc.) . The

hierarchy of the SUPERMAN code is shown in Figure 4-7. The heavy

lines indicate computer states and the light lines represent

transitions. The figure shows that there are two methods by which

the EXECUTE state can be entered — the command register or a task - ‘

file.

The command register is a general purpose file which is

executed through the use of the execute button. The command register

is an efficient file through which a task can be defi ned, tested,

edited, and finally saved as either a named sithroutine or a task

file.

A named subroutine is a string of commands which has been

saved under a user specified “name ”. These files can only be execu-

ted by (1) retrieving them from the disk and inserting them into the

command register In the DEFINE state, or (2) by calling them from the

ma in program dur ing execu tion.
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A task file , on the other hand , is a string of commands

which has been throug h the debugging stage and has been saved under

a specific button for easy execution . Once a file has been saved

as a task file it cannot be edited (The user can change the file by

executing it and then entering the DEFINE state , thereby moving the

task file commands into the command register).

In the block diagram at the beginning of this chapter

(Figure 4-1) it was shown that the SUPERMAN system has six computer

states - STANDBY , DEFINE , EDIT , EXECUTE , TAKEOVER , and STOP. The

STOP state is sel f expl anatory and no further consideration is needed.

The remaining states will be discussed in the fol l owing sections.

4.2 STANDBY State

When the computer is in thi s state , control resides with

the main prog ram and the operator. By pressing the proper control

consol e button the user can Invoke a control mode, specify a control

constraint , execute the command register or a task file , zero the arm s,

list the options currently available, or transfer to the DEFINE state

(Figure 4-8).

The control mode , as the name impl ies, is the method by which

the primitive signal s requI red by the slave arm to perform the desired

function (task) are generated. In general , the control mode can be

divide d Into two categories on the basis of whether the primary con-
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trol ler of the arm is the human operator or computer. Under computer

control the processor has compl ete control over the slave manipu-

lator. The human operator can only interrupt the computer (see TAKE-

OVER or EXECUTE state) or change its goal (see, for example, GOTO in

DEFINE state). Under a manual control mode the human operator is the

primary signal generator. Manual control modes are generally inde-

pendent of state (e.g., the control mode might be master/slave while

the state is EDIT). Note , though , tha t during the EXECUTE state the

manual control mode is temporarily suspended while the computer control

mode is in effect (i.e., during execution the control mode is state

dependent). Six methods of manual control have been incorporated in-

to the SUPERMAN system:

1) Switch Rate - Each degree of freedom is rate control l ed

through a spri ng-centered on/off switch on the DASI

console. The Individual rates are adjusted as a per-

cent of the maximum rates by the DASI potentiometer.

2) Mi xed Master/Sl ave and Rate - The master acts as a
springl oaded joystick in the X , Y, and Z axes, giving rate

commands to the X , Y , and Z axes of the slave propor-

tional to the displacement of the master. The rate

*The term “prima ry control l er” indicates that in general the human
operator is never in compl ete control of the sl ave arm in any con-
trol mode . For example, in RMRC the human operator is the prima ry
control l er, or action gi ver , but the computer is ultimatel y Inter-
preting and relaying the commands to the slave . This is a form of
shared control between the human operator and computer described by
Sheridan and Verplank ~4].
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of the slave arm is then reflected in the force-

feedback level which the operator feel s in the master.

The remaining degrees of freedom (rotation , elevation ,

azimu th, and end-effector) are controlled in a master !

sl ave mode. The potentiometer on the control console

can be adjusted to set the sensitivity of the joystick.

3) Vari able Rate Joystick - A three degree of freedom

spring loaded joystick (Figure 4-9) outputs rate signals

to the X , Y , and Z axes of the slave proportional to

the joystick displacement. The X , Y , and Z axes of the

master arm are then locked i n pos i tion , creating another

joystick for the remaining rotational degrees of freedom .

The potent iometer on the DASI consol e can be adjusted

to set the sensitiv i ty of the joysticks.

4) tlaster/Slave wi thout Force-Feedback — The slave manipu-
lator du pl i cates the position of the master , but the

master is compl etely unaware of the slave position.

The force the slave exerts on its environmen t is pro-

portional to the di fference in position between the

master and slave .

5) Master/Slave with Force-Feedback - Any position error

between maste r and slave applies a driving force to

the corresponding motors on both master and slave

but in opposite directions to nullify the error.
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Thus, any force exerted on the slave is reflected

to the master giving the operator the impression of

actual contact with the environment. The force exerted

by either ann is proportional to the position disparity

between the master and slave . Potentiometers on each

degree of freedom can be used to adjust the amount of

force-feedback (gain), damping, and tach feedforward

of both manipulators (See Appendix 0).

6) Indexed Master/Slave and Rate - Within a specified

boundary the master arm gives di rect incremental

position commands to the sl ave. But once the master

is pushed beyond the imaginary boundary , the master

control l er changes to a proportional rate joystick

and the operator feels a coun teracting force which is

proportional to the rate of the slave. The operator

can return to position control by moving the master

back into the boundary. This combination al l ows the

operator to efficientl y switch between the two major

forms of manual control — rate and position . Since

this mode frequently trades between rate and position

control , an offset will usually exist between the

master and slave positions.

Whenever a control mode is changed it is necessary to initial i ze the

— ma ster position to the current slave position (when a master/slave
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mode has been selected) or to some zero reference position I~when a

rate mode has been selected). To avoid possibl e operator harm the

computer warns the user through the DASI sonalert before movement of

the master. During initialization movements the master arm is con-

tinuously checked to determine if a collision has occurred to prevent

unnecessary damage to the arms and further protect the operator.

Whenever control is passed to the master the arm gives a smal l jerk

to indicate the trade (i.e., this is a form of apparent trading of

control).

Although a time delay is not a form of manual control , it

is a control constraint which may be imposed for experimental purposes

(under a time delay the slave arm would be driven to dupl icate the

position of the master after an i nterval of time had elapsed). The

time delay is entered through the STANDBY state at the same time the

control mode is specified and can be set to any time between 0 and 6

seconds by the DAS1 potentiometer. Other control constraints which

will be impl emented in the future on the SUPERMAN system are communi-

cation blackouts , limi ted communication bandwidths , and limited or

frozen degrees of freedom.

Through the STANDBY state the operator can zero both the

master and the slave manipulators (0E 2 button on the control mode

pl ate). The zeroed position can be used to calibrate the arms or

as a convenient reference. A list of system options is also availabl e

by pressing the “OPTIONS” button (Figure 4-8). Each option is ob- 1
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ta m ed through the LDAT swi tches on the Interdata front panel . Tht

fol l owing options are currently available:

1) LDATS (l2) - Time De lay

2) LDATS(l3) - Disregard Takeover Commands

3) LDATS(l4) - Rate with Joystick

4) LDATS(15) - No Force-Feedback

The operator can al so execute the command register , execute a task

file , or trans fer to the DEFINE state from the STANDBY state. Each

of these actions can be initiated through the corresponding button ,

signaling a change of state from STANDBY to EXECUTE or DEFINE .

4 .3  DEFINE Sta te

DEFINE is the pri ;ia ry state through which the operator

enters a string of commands to be executed at a later time . Once

the DEFINE key has been pressed , commands are entered by one of the

sixteen specially dedicated buttons for each function (Figure 4-10).

Each of the button s used in the DEFINE state has dual functions. The

second function for each button is denoted in gol d letters below the

button , whereas the major function is In black letters above the

button (The small lettered connnands in Figure 4-10 represent the

gold con~nands on DASI). To enter a second coninand the operator simp ly

pushe s the 2~~- button and then the desired function key.
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A listing of each button and a defin ition of its function

is given on the foll owing pages. The general format that will be

used throughout this text will be as follows:

[But ton Push] Button keystrokes are denoted by brackets.

(Pot Inputs) Potentiometer inputs are denoted by paren-
theses.

“Keyboard Entries” Keyboard entries are denoted by quotes.

COMPUTER REPL IES Compute r replies are denoted by capital
letters.

The dedicated-button commands associated with the DEFINE state are :

Button
Number Command and Definition Usage

O END [END]
Final comand used to signal complet ion of DEFINE state.

‘I SAVE [SAVE] “NAME”
[SAVE j[ TASK FILE N]

Used to save the command register on the disk as either
a task file or a named file. A task file can be recalled
only by one of eight buttons in the STANDBY state, where-
as a named file is saved under a user-designated titl e
and can only be recalled by the same name through the GET
button (5) in the DEFINE state or as a subroutine in the
EXECUTE state .

2 
~P..LI. [EDIT]

Enters the EDIT state (Section 4.4).

3 2ND [2ND]
Used to signal that the second function of the dual
c3mmand keys will be used.

4 ERASE LAST LINE [ERASE )
Used to erase the last entry in the command register.
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5 GET [GET]”NAME ”

Used to retrieve a named command file from the disk either
as a subroutine In the EXECUTE state or Immediately in the
DEFINE state. GET asks for the name of the file to be re-
called and then locates the file. If GET is to retrieve
the file immediately it will read the file , string it on
the end of the command register, modify the statement
numbers , and return for further input. Otherwise it will
insert a subroutine call in the comand register which will
retrieve the file at execution.

6 RESET [RESET]
Used to initial ize the necessary internal variables and the
conilland register to zero.

7 THROUGH PATH [TPATH]
Re~:ords the present position of the arm for use in EXECUT E
as a through-point. (A through-point is a position which
the operator desires the arm to move through without stop-
ping , i.e. non-zero velocity point.)

8 INCREMENT DOF XXXX [INC][DOF](xxxx )
Makes an incremental motion in the desired degree of
freedom by a selected value. The user enters the INCREMENT
comand, then the degree of freedom (DOF), adjusts the
desired increment XXXX through the potentiometer and
presses the READ POT button directl y beneath the potentio-
meter.

9 IF DOF FORCE .GT. [IF.GT.][DOF](XXXX)
EXECUTE N EXT COMMAN D
If the force l evel in the desired degree of freedom (DOF)
is greater than the l evel set by the operator (XXXX) the
fol l owing command is executed. If the force level Is
less than the l evel set by the operator, the command is
skipped during execution . The user enters the IF FORCE .GT.
comman d, then the desired degree of freedom, and adjusts
the force l evel through the potentiometer.

10 GRASP WITH FORCE XXXX [GRASPI(XXXX)
The user enters the GRASP command and adjusts the force
level through the potentiometer.
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1 1 DISCRETE PATH [DPATH)
Records the present position of the ann for use in
EXECUTE as a terminal point. During execution , the
slave arm is moved from its current position to the
recorded position with zero final velocity .

12 LABEL N [LABEL ][ N]
Label s a position in the command register which can be
returned to through a GOTO command. The user presses
the LABEL button and then the number N of the desired
label .

13 GOTO N [GOTOJ[N]
GOTO is a conditional command which moves to l abel N un-
less the operator signal s during execution to change the
branch to [M] by pressing a different button . To enter
the coninand the operator presses the GOTO button and then
the number N of the label to which GOTO shoul d branch.

14 OPEN [OPEN]
Open jaws.

15 CONTINUOUS PAT H [CPATH]
Records the position of the master manipulator every 0.1
second for use In EXECUTE . A continuous path is achieved
by interpol ating between the recorded positions.

16 ABSOLUTE [abs)
Informs the execution compiler that the command register
is to be executed exactly as recorded (see RELATIVE).
The user enters the absolute command by pressing the 2ND
button [#3] and then the ABSOLUTE button [#0).

17 RELATIVE [rel)
Informs the execution compiler that the positions in the
cosmnand register are to keep the same relative displace-
ment with respect to each other, but are to be trans-
formed so that the first position fol l owing the RELATIVE
command corresponds to the position of the slave at the
time of execution . A RELATIVE command can be cancelled
by an ABSOLUTE command , with the resu’t that only the
position s between the RELAT IVE and ABSOLUTE commands are
transformed. The user presses the 2ND button [#3] and
then the RELATIVE button [#1) to enter the coninand in the
register.
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2ND - 2 MESSAGE [msg] “MESSAGE”
Allow s the operator to enter a message which will be
displ ayed on the monitor screen when the message cam-
mand is reached in the command register.

2ND - 3 ALERT [alert)
Sounds the sonaler t on the DASI control consol e for
1/2 second when this command is executed.

2ND - 4 Available button command presently not assigned .

2ND - 5 SPEED ADJUST (speed)
Al l ows the user to fix the velocity of the arm during
execution from 0 to 100 percent of the maximum vel oci ty.
The speed is permanently set until another speed ad-
justment is encountered in the command file to turn it
off.

2ND - 6  00 LOOP [do][N][I]
During execution the processor will execute all corn-
mands through label N , I times before continuing be-
yond label N.

2ND - 7 ADAPT XYZARL [adapt][X][Y]...
When executed this command records the slave position and
stores the appropriate degrees of freedom, [XJ[Y)..etc.,
in the calling file. This command results In a permament
modification of the calling file , and therefore, shoul d be
used with discretion . When the file is executed again the
manipulator will return to the modified position instead
of the originally recorded position .

Throughout the DEFINE state the yellow DEFINE button remains

lit indicating that the current computer state is DEFINE . The computer

visually signals that it is ready for command entry at the l ower left

corner of the monitor screen wi th, “ENTER DEFINE COMMAND.” The ENTER

CO*IAND light on the DASI console also signals the ready condition .
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To assist the operator in command ent ry the dedicated buttons respond

with a positive click and a beep from the DASI sonalert. As each corn-

mand Is entered they are echoed on the screen in the command register

(Figure 4-6) to give visual confirmation of the command to the operator.

Whenever input from the DASI potentiometer is required the scaled

values (force, distance velocity , etc.) are shown on the l ower right

corner of the screen with an appropriate title. The computer al so

checks the l ogicof coninand entry to insure that the operator has entered

the requi red keystrokes. If an illogical sequence of strokes is en-

countered the computer responds with an error message and resets the

register for continued entry.

Since the fi rst entry In a coninand string must declare the

file as either absolute or relative , the processor automatically in-

serts an absolute CABS) coninand in the register if the first button

[

~~~~~~~~~ pressed is not a relative (REL) declarati on.

Upon compl etion of the DEFINE state by the operator the sys-

tern compiles the command register and preprocesses all relative cam-

mands and force statements. Preprocessing in the DEFINE state de-

creases the number of execution calculations , and hence, the time re-

quired to execute the task (see Chapter II for the appropriate pre-

processed calculations). As noted in Figure 4-1 the EDIT state is

entered through the DEFINE state. The EDIT state will be discussed

in the following section.
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4.4 EDIT State

The EDIT state allows the operator to modify a command

register which has been previously defined. Since it is required

that the file be defined before editing, thi s state can only be en-

tered through the DEFINE state. Once in the EDIT state, input to

the system is primarily tirough the keyboard. Whenever DASI entries

are required the computer cues the operator with , “ENTER DASI COMMAND.”

The foll owing options are available after entering the EDIT state:

1 ) CHANGE A LINE
2) INSERT A L INE

3) DUPLICATE A LINE

4) DELETE A LINE

5) LIST COMMAND REGISTE R

6) RETURN TO DEFINE

The editor checks the logic of keyboard and command entry to insure

the proper sequence of keystrokes has been entered. If an illogical

sequence is encoun tered the editor returns with an error messa ge and

initial izes the editor for further command entry. Errors encountered

in the EDIT s tate are shown in the message area of the screen (Figure

4-6). Some of the editor messages are:

COMMAND REGISTE R IS FULL LINE INSERTION IS NOT POSSIBLE

ILLEGAL EDITOR COMMAND 
V

FILE RETRIEVAL NOT ALLOWE D BY EDITOR

SAVING OF FILES NOT ALLOWE D BY EDITOR
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WRONG KEY NUMBER ENTERED TRY AGAIN

CONTINUOU S PAT H EDITS NOT ALLOWED

4 .5 EXECUT E State

This state suspen ds the manual control mode in effect and

execute s the stri ng of commands in the command register or task file.

The EXECUTE state is entered th rough the STANDBY state by either the

EXECUTE button (i.e., the command register) or one of the TASK FILE

buttons. When a file is executed the master arm position is frozen

(master/slave or comb i ned modes), the computer performs the required

rel ative cal culation s, executes the file , return s the slave arm to the

initial execution position , and returns to the suspended manual con-

trol mode in STANDBY. The green EXECUTE button remains lit throughout

the EXECUTE state regardless of whether the command register or a task

file is being executed. Figure 4-11 shows the relevant button inputs

for the EXECUTE state.

To facilitate in the testing of a file the command register

al l ows the operator to step through each line of the program as wel l

as to vary the maximum speed of the manipulator. During step execu-

tion only one comman d in the register is executed each time the EXECUTE

button is pressed. The operator can also move up or down in the

register by pressing either of the arrowed button s (Figure 4-11) .

Whether in step mode or run mode the computer ’s position in the

execution register is indicated by two congruent arrowheads (‘ ‘)

which dynami cally move through the register as the file is executed.
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The computer performs all relative cal culations immediately

after the EXECUTE button has been pressed. If the execution file

(command register or task file) contains a relative declaration and

the calculated arm configuration cannot be physically satisfied , con-

trol is returned to the STANDBY state and the foll owi ng message is

given to alert the user:

EXECUTION CANCELLED

EXECUTION FILE HAS A RELATIVE DISPLACEME NT
~*UCH EXCEEDS THE MANIPULATOR WORKSPACE

During execution the processor continually checks the status of the

button l abels (Figure 4-11 , numbered buttons) to determine if the op-

erator has requested a transfer to a speci fied l abel in the execution

register. If the l abel has not been defined previously, the computer

returns wi th an error message (LABEL X UNDEFINED) and waits for fur-

ther instructions before proceeding.

If the operator desires to take control during execution

there are two methods available. The user can take immediate control :

(1) by pulling on the appropriate manual control stick (see TAKEOVER

section), or (2) by pressing the STOP button . All action ceases after

the STOP button has been pressed until the human operator signal s for

continuation (green EXECUTE button), branch to a specified l abel in

the register (GOTO button and then l abel number), or return to

STANDBY and the suppressed control mode. Under an emergency situation

the operator can also stop the manipul ator action by hitting a red
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panic button which completel y powers down the manipulator and

servoelectroni Cs.

Whenever the computer is in control of the arms the force

level s of each joint are continuously monitored for excessive levels

to protect the arms and environment. The manipulators are further

protected by independent fuses on each degree of freedom (For in-

experienced operators a l ower amperage fuse is used than for an

experienced user).

If the arm collides with its environment the processor

responds by alerting the operator with a series of rapid beeps from

the DASI sonalert and a flashing message on the monitor screen ,

while simultaneously backing away from the object to relieve the

static forces . The message which fl ashes on the screen is as follows :

MAX FORCE LEVEL EXCEEDE D
After the static forces have been relieved , the sonalert stops and the

flashing message is repl aced by the fol l owing message :

MAX FORCE LEVEL EXCEEDE D

EXEC UTION STOPPED PRESS CONTINUE TO PROCEED

By pressing the STOP button the user is transferred immediately to

the suspended manual control mode in the STANDBY state. If the CONTINUE

button is pressed the computer will attempt to continue execution of

the task from the location that it encountered the excessive force

l evels.
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As mentioned in the DEFINE section , SUPERMAN has the

capability of recalling subroutines by name during execution .

Whenever a subroutine call is encountered in the execution register

the cue pointe r C> >) stops on that call as the file is retrieved.

~kice the subroutine has been l ocated, the execution register on

the screen is repl aced by the subrout i ne register. The subroutine

register Is then executed as if it were a command file or task file.

Upon completion of the subroutine the computer returns to the calling

register , restores the original calling values and proceeds with the

mainline execut ion. If the subrouti ne cannot be l ocated on the disk ,

the computer returns with the following error message and returns

control to the operator through the STANDBY state:

“name” UNDEFINED

Subroutine resting is presently not al l owed. Therefore, if a subrou-

tine file is encountered which calls another subroutine the foll owing

error message is returned and the computer continues execution of the

calling register:

SUBROUTINE NESTTING IS NOT ALLO WED

As noted in Figure 4-1 , the TAKEOVE R state is entered through the

EXECUTE state. The TAKEOVER state will be discussed in the following

section.
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4.6 TAKEOVER State

TAKEOVER is a transition state between the two primary con-

trol modes, i.e., from computer control to the manual control mode in

effect before the EXECUTE state. The operator enters this state and

overrides the computer by pulling on the appropriate control i nput

(i.e., the master whenever the suspended control mode i nvol ves position

control ; or the joystick or rate switches whenever the suspended con-

trol mode invol ves rate control). The TAKEOVER option is available

in all six manual control modes.

Manual override of an autopilot has been studied in con-

siderable detail in the past, but manua l takeover from a computer

controlled manipulator is essentially an uncharted realm. User in-

tervention with an autopilot is a rel atively simpl e task which in-

vol ves disengaging the autopilot control and moving the joystick

in the di rection of the desired rate change. The control stick

signal s represent rate commands, and therefore, discontinuities in

displ acement do not occur. Similar attributes (i.e., simplicity

of takeover and continuous displacement conuiands) are necessary for

user i ntervention of a computer controlled manipul ator. Rate control

of a manipul ator closely resembles the rate control of an airplane;

therefore, man ual override of a rate controlled manipul ator can be

impl emented in much the same way as an autopilot . But if control

were suddenly passed to the master/slave mode, the position signal

from the master woul d probably be different from the previous corn-
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puter signal to the slave and there woul d be a discontinuity in the

displacemen t command . Clearly , manual override of a pos i t ion  con-

troll ed manipulator will present a new set of problems.

To prevent a jump In the position commands during manual

override, either the master must continuously follow the slave ’s move-

ments so that at the moment of takeover the two are properly aligned ,

or the difference in the position of the master and slave arm s at the

instant of takeover must be artificially maintained . It is not

practical to have the master follow the slave , as some motions are

too compl icated for the human operator to fol low. Therefore, the

V only other possibility , if position control is to be used, is to allow 
V

an initial mi smatch between the master and slave .

If the joints of the master and slave are not equal when
*manual takeover occurs, geometric cross coupling can occur,

destroying the spatial correspondence between the master and slave end

effectors. Since position control requires that an offset be put

into the control loop when control is passed to the master to main-

tain the Initial mismatch , it woul d be expected that a stimul us-response

incompatibility will occur. If the offset is allowed to remain through-

out the emergency task , this incompatibility coul d have serious effects

on the human operator ’s ability to function properly if the emergency

task requires anything more than a simple retreat motion. Cl early,

*Geometric cross coupling is a phenomenon wher~e a master motion in one
hand coordinate corresponds to a slave movement in an unexpected hand
coordinate due to a geometric difference between the master and slave
joints (see Appendix A ) .
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the mismatch shoul d be removed as quickly as possible. But , if the rate

of decrease is too fast, the change in mismatch would be more detri-

mental than the offset alone , and If the rate is too slow the offset

would remain throughout the duration of the emergency task. It is

necessary, therefore, to find a rate of mi smatch decrease which does

not interfere wi th the operator ’s normal response, and yet, reduces
the offset to zero in a reasonable time .

Figure 4-12a demonstrates a master/slave manipulator at

the instant of takeover (takeover). After some incremen t of time ~t,

the offset of the slave arm wi th respect to the master will decrease

by an increment ~ (Figure 4-l2b). Eventual ly, the total number of

increments will equal the original offset and the mismatc h will be

compl etely removed (Figure 4-l2c). Duri ng the removal of the offset

a transient condition will exist between the initially mismatched

takeover and the final master/slave mode. The peri od of time during

which the trans ient effects will be observed (nAt) is a function of the

initial mi smatch distance 
~ mismatct) and the rate of offset decrease

(u/At). Since the initial offset cannot be di rectly control l ed the

total mismatch time can only be adjusted by the offset decrease rate

as mentione d prev iousl y .

Experiments were performed to study some of the character-

istics of the takeover probl em (see Appendix B). Through these ex-

periments a subjective decrease rate was determined using accuracy

and path time as cr iter ion. Cl early, if the emergency task does not
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(a) Master/Slave Manipulator at Instant of Takeover

(b) Master/Slave Manipulator After Time ~t

(c) Master/Slave Man ipulator After Mismatch Is Dissol ved

\TIME :t,,,, ~~~~~ +n~ t

(C •m~~,otth = fl~ #

Figure 4-12
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require a high degree of accuracy , a faster decrease rate would allow

the arms to approach a true master/slave mode more quickly. But the

computer cannot determine the accuracy needed by the human operator to

complete an unpredictable task (i.e., an emergency task). To avoid

this probl em the SUPERMAN system begins cancelling the offset with

a fixed rate, and then , if the operator wishes to increase the rate ,

he can do so by pressing the STOP button until the desired speed Is

obtained. If the initial mismatch is small the offset is usually

cancelled before the operator is aware of it. If the offset is

larger , the operator has the option of (1) adjusting the rate to

a val ue suitabl e for the emergency task or (2) working with the

initial decrease rate. Since the mi smatch must be dissol ved before

control is passed to the STANDBY state, the computer will not allow

the operator to exi t the TAKEOVER state until the offset has vanished.

The diamond in Figure 4-1 signifies that after the mismatch has

been removed, the operator has the option of moving into the STANDBY

state by pressing the STOP button , or continuing the EXECUTION state

by pressing the CONTINUE button.

4.7 Exampl e SUPERMAN Programs

To demonstrate some of the features of the SUPERMAN system

a number of simple programs will be considered. The examDl es chosen

characterize the relative ease and speed of program entry important

attributes for a real-time supervisory system.
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Each line of the command strin g depicts the symbolic and

anal og ic inputs required of the operator to gra phicall y demons trat e

program ent ry. The fol l owing symbols will be used to represen t

the actions requ i red of the human operator :

[BUTTON PUSH]

(POT READINGS)

“KEYBOARD ENTRIES ”

ANALOG INPUTS °
~~~~~~

The order of each symbol from l eft to ri ght indicates the sequence

of command entry . For example ,
-

iwoul d mean that the operator positions the slave , p resses a button and

then adjusts the DAS I potentiometer. To further clarify the program

entry procedure actual pictures of the manipulator are included when-

eve r a position is recorded (DPATH, TPAT H and CPATH) .

As the first exam ple consider a string of commands to take

a nut off of a bol t and put it in a box . This program can be broken

down i nto two major sections; one removes the nut and the other places

it in the box. Since the user woul d prefer one nut removal prog ram

to be used for all nuts regardless of the orientation of the nut , a

RELATIVE command should obviously be the firs t comman d i n the regi s-

ter (The RELATIVE command and all of the fol l owin g commands are

described in the section on the DEFINE state).
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1 [RELATIVE] Relative file declaration .
— Location of nut in space

~~~ is not known prior to
execution .

2 [LABEL ] [1]

3 [DPATII ] 
—

Pl ace the slave on the nut
and record that position
by pressing the DPATH but-
ton .

4 [GRASP] (200)

5 [DPATH] 
—

Turn the end effector
1800 and record that
position .
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6 [INCREMENT] [Y] (-300) Increment the slave by
V 300 counts in the direction

Z~ ~~~ 
that woul d pull the nut off .

7 [IF FORCE .GT.] [Y] (100) If the force in the V
direction is greater than

~~~~ ~ 
100 , the nut is still on
the bol t, therefore ex-
ecute the next comand.

8 [GO TO] [2]

-L
9 [GO TO] [3] If the force is less than

100 in the Y direction , the

~~~ 
nut is free and this command
woul d be executed .

4 10 [LABEL] [2]

H
11 [INCREMENT] [Y] (300) Return the arm to position

I before incrementin g in
command ~6.

12 [OPEN] Release the nut.

V~~~ 
~~~~~~~~~ V~~~~~~ V~~~V •

~~~ 
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13 [GO TO) [1) Return to LABEL 1 and
continue turning the nut.

14 [LABEL] 13] End of the first part of
task . The nut is off.

[SAVE] “NUT-OFF ” Save c ommand reg ister as V

the named file “NUT-OFF”
(typed in at the keyboard).

The second part of the task requi res the man ipulator

to pl ace the nut in a box . The entire command register for the

program to put the nut in the box woul d be as fol l ows :

1 [ABSOLUTE] Decl are file as absol ute.
The box will always be in
the same location

2 [TPATH]

Move the s1~ ve to a position
just over and above the out-
side edge of the bucket and
record this position by
pressing the TPATH button .

-144-

- a  
__  L

- ‘~~~~ , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



________ - -

3 [[)PATH]

I

Move the ~1dve to a position
over the cen ter of the
bucket and record the
position .

1 4 [OPEN]

5 [TPATH]

Enter the same posit ion
as recorded i n command ~2

• by duplicating line 2.

[SAVE] “NUT-IN-BOX ”

1 At this point the operator coul d call either program as a

( 
subrout ine and execute it. The NUT-OFF program would simpl y take the

I. -145-
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nut off and return control to the ca l l ing program as soon as the nut

was free . The NUT-IN-BOX program woul d move to the bucket , rel ease

whatever was held in the end effector , return to the position it was

cal led from , and continue with the call ing program. Hence , the NUT -IN-BOX

p rog ram coul d be used as a generalized samp ler to put wha tever was re-

quire d in a sample basket. But the present status of these f i les

( i .e.  a named f i le) requires that the operator type in each name to

obtain the f i le to execute it or call them from within another program

as subroutines . If the opera tor performs the fol l owing comi~iands the

fi le wil l  be savedas a task f i le wh ich can be immediately exe cuted at the

touch of a button :

[GET] “NUT-OFF ”

[GET1 “NUT-IN-BOX ’

The computer will repl y by stringi ng the two files t~~c~her in the

command registe r (renumbering GOTO and LABEL statements if necessary)

as shown in Figure 4-13. The operator would then enter:

[SAVE ] “TASK-FILE”

and press the button which will retrieve the file (e.g., button il).

To remove a nut and put it in the box the operator simply presses the

same button , the execution compiler transforms the first hal f of the

register relative to the position of the slave at the instant the but-

ton is pressed and then executes the program. After the nut is re-

moved and p1 aced in the box the sl ave returns to the operator ’s position

and the computer rel inquishe s control .
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Figure 4-13: Displ ay for Combined NUT-OFF and NUT-IN-BOX Program
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To further demonstrate the SUP[RMAN programm ing capabili ties

a string of c ommands to open a val ve wi ll be conside red. Again , since

the user woul d pre fe r a simpl e prograni which could be used on any valve
regardless of its orientation , a relat ive decl a ration wi l l  be the first
coninand in the register.

1 [RELATI VE 1

2 [LABEL] [1]

3 [DPATH ]

Place the sl ave on the
val ve and record that
position by pressing
the DPATH button .

4 [GRASP] (200 )

~~~~~~~~~~~
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5 [OPATH]

Turn the end effecto r
180° and recor d the
position .

6 [IF FORCE .GT.] [RE] (20) If the wrist rotation
force during the above
motion is greater than

- 20 the valve is open
and the next command
should be executed .

7 [GO TO] [2]

8 [OPEN] If the wri st rota ti on force
is less than 20 the val ve

~~~ is sti ll turning, so re-
lease the valve and con t inue
opening .

• 9 [ G O b ]  [11

10 [LABEL] [2] The valve is open .

1 .
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11 [OPEN] Release the valve .

12 [MESSAGE] “VALVE OPEN” Al ert the ope rator that
the valve is open wi th
a message .

13 [END] End DEFINE state .

The computer will string the fol l owi ng commands on the file

an d return to the STANDBY state:

DPAT H TO RETURN CONTROL

END 
. 

-
.

The “DPATH TO RETURN CONTROL ” statement causes the slave to return to

the initial execution position before relinquishing control to the op- V

erator so that the master and slave are -~atched. The operator woul d

execute the command registe r in either the step mode or the run mode

(see EXECUTE section).

The tasks which have been impl emented on the SUPERMA N sys-

tem are : (1) tool retrieval , (2) tool return , (3) auto-sampl er,

(4) open/shut valve , (5) nut-off, (6) auto-digger , and (7) bolt-on

(Listings of each of the command registers for each of these programs

are given in Appendix F).
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The bolt-on program is particularly soph i sticated in that

it recognizes three possi ble results — cross threading,inability to

engage threads ,and compl etion of task. These patterns are easily re-

cognized throu gh logical statements (i.e.,IF FORCE .GT .,etc.). Figure

4-14 shows a bolt being threaded into a nut by the computer.

II P1~~~~~

Figure 4-14: Bolting Operation under Superv isory Control

The program initially turns the bol t through 360 degrees while simul-

taneously checkin g the rotation torque l evel . If at any time during

the first turn the torque level becomes excessive the bolt is cross

threaded. After the first turn the program increments away from the

bolt al ong the rotation axis and checks the force. If the force is

less than some prespecified  threshol d l evel the threads have not

started. Finally, if  the force i s greater than the threshold  level

the computer continues to turn until the rotat on torque increases to

V 
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the specified tightness and returns control to the operator.

The tool retieval and tool return programs use the ADAPT

command to detect mi nor changes in the position of the tool rack.

When the tool task-file is executed the ADAPT command records the tool

rack position and stores the Y ,Z,A ,R , and L degrees-of-freedom in the

calling file. When the file is executed again the manipulator will

return to the modified position instead of the originally recorded

position . 
- .
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CHAPTE R V
EXPERIMENTS , DATA , AND RESULTS

The purpose of this study was to determine the appl i cability

of supervisory control to remote ocean work. Therefore, the objective

of the experiments was to build a framework upon which comparisons of

supervisory and manual control coul d be made. Unfortunately, two of

the suggested uses for supervisory control (i.e., limited frame rate and

time delayed conditions) were not impl emented in time to be experimental-

1y investigated. Hopefully, these results will be obtained in the near

future. In any case these restricted conditions can only degrade

direct manual control and make supervisory control look better. There-

fore the experiments which follow provide a “ bes t case ” for di rec t

manual control relative to su perv isory con trol (or a “wors t case ”

for supervisory control in such a comparison).

The manual control modes presently avai lable to the ocean

indus try ran ge across the s pectrum from sw itch ra te to force reflec ting

master/slave. Therefore a fair comparison shoul d at the very least,

include the major control divisions (position and rate). It was decided

that two representative control modes from each class woul d be used.

The two forms of position control were master/slave wi th force feed-

back and master/slave without force feedback. The two forms of rate

control were switch rate control and joystick variable rate control .

L 
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5.1 Experimental Considerations

Previous investigators have found that task compl etion time

under manual control increases with task compl exity . According to a

hypothesis advanced by Sheridan and Verplank~~ ‘ it woul d be expected
that the contined programming and execution time for a supervisory sys-

tem would also increase wi th the complexity of the task. As shown in

Figure 5-1 , at some l evel of task complexity the supervisory control

scheme shoul d become faster than the direct control method . But at

what level of complexity will this occur if it occurs? Or must time

del ays and limi ted frame rates be present for it to occur? The ex-

periments were performed with the expectation that a relationshi p such

as Figure 5-1 might be found for some of the control modes. It shoul d

be no ted though , that the primary purpose of these experiments was

to demonstrate the usefuleness of supervisory control for remote under-

sea tasks and not the verification or negation of thi s hypothesis.

Therefore, the experiments were designed to be representative of

underwater tasks and were not intended to be relative tests of how

complexity affects the completion time (i.e., the tasks were not designed

on the criterion of compl exity, but rather applicability to the marine

environment).

Some of the tasks w hi ch coul d be requ i red of a man ipulator

system In an undersea env i ronment are :~
6’45 ’46’4~~

1) assessIng damage (poking , prying , etc. )
2) bolting/unbolting
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TASK COMPLEXITY

Figure 5-1 : Hypothetical Curves of Task Comj~1etion T ime Versus
Task Complexity (Modified from Ref. [4] )
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3) welding
4) connecti ng hoses
5) cutting (pipes, wire, cab le, etc.)
6) digging
7) drIlling
8) tapping
9) fastening
10) lifting objects
11) pulling
12) recovery
13) reach ing into con fined spaces
14) threading cables
15) untangl i ng cables
16) water jetting
17) wire brushing
18) opening/cl osing valves
19) sampl ing
20) coring

Several of the tasks in this list require special tools.

Usually the tool s perform the desired function directly, requiring

littl e or no movement of the manipul ator once the tool is in pl ace.

Hence , a major portion of the task requires the operator to retrieve 
V

and return the tool .

The follow ing tasks we re chosen as representative of the

requi rements of marine manipula tion (A br ief descr iption of each

will be given as a foundation ; detailed expl anations of the tasks

and experiments will be given in Section 5.4):
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GET TOOL - starting from a prespecified position , move to the
rack, grasp the tool , being sure it is properly seated in the
hand , and return wi th the tool to the initial position .

RETURN TOOL - starti ng from a prespecified position with
tool in hand , move to the rack, replace the tool on the rack
being sure it is properly seated, and return to the initial
position.

NUT-OFF - starting from a prespeci fied position , move to
the nut , orient the hand , and remove the nut without drop-
ping it.

SAMPLER - star t ing from a prespec i f ied pos iti on , pick-up
thirteen randomly pl aced samples and put them in buckets
according to their size.

OPEN/CLOSE VALVE - starting from a prespecified position ,
move to the valve , orient the hand , and open or c lose the

L 

valve as required.

DIGGER - starting wi th a shovel grasped firmly in the end
effector, fill a bucket with simul ated soil.

Bejczy has stated that there are three experimental factors

which shoul d be considered for the evaluation of a manipulator

system:[48)

1) Effectiveness of control measured by -the binary cate-
gor ies of “ success or fail ure ”.

2) 9ual ity of control evaluated by the combined measure
of “ accuracy and time”.

3) Cost of control measured through the “consumption of
~~. appl ied resources ”.
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It was decided that the experiments would only consider effectiveness

and quality of control as the cost criteri a coul d not be impl emented

within the time constraints of the project .

It has been shown by a number of investi gators that the time

required to perform a task can be broken i nto a number of distinctly

different notions. For exampl e, one classification divides the

task time for control wi th a time del ay into get, transport, and posi-
[49] [50]tion motions. For a peg-in—the-hol e task Hill has shown that

the task has two independent motions which determine the total task

time - trajectory (i.e., gross travel) and precision . A scheme similar

to Hill’ s will be used to describe the task compl etion time for a super-

visory system using manual and/or computer control : 
V

TI = f (task compl exity &\ +g (task location &
~control philosophy) ~control philosophy) (5-1 )

where ,

TT = Task Time

g = Time to locate the task. This time is a function of
the initial hand/task locations and the control
philosophy used to l ocate the task (Figure 5-2).

f = Time to perform the task. This time is a function
of the task complexity and control philosophy used
to perform the task (Figure 5-2).

These equations apply to all forms of control , both manual and computer.

When a task is executed by the computer, the l ocation actions can be

performed by manual control , computer control , or a combination of

the two (Figure 5-2). For example, manual l ocation (g ) of the task

is usually done for relative tasks (Chapter 2). Computer l ocation (ge)
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MANUAL COMPUTER

NUT-OFF

TTm f~+g~ TT~=f~+g~

GET—TOOL

TTm f~+g~ TT~=f~+g~

SAMPLER

w \ \
/9rn \ \ 1/gc

3 TTrm TTrm

V 
• TTm:fm+gm +TTrm TTc f~+g~+TT~

L
Figure 5-2: DefInition of Location and Performance Time
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of the task occurs when the position of the task can be identified

or is fixed and known (e.g., absolute tasks). Finally, combined

l ocation actions occur when a task is composed of a number of relative

and absol ute subtasks. For example, when the task requires sampl es

to be pl aced in a bucket, the action of grabbing the bl ock is a

relative subtask 
~
TT rm 

= task time to manually grab the rel ative block

in Figure 5-2), and the action of movi ng the block to the bucket is an
absol ute subtask (Figure 5-2). The total task compl etion time under
computer control consists of the time it takes to manually find the

sample (TTrm)~ 
the time it takes the computer to locate the bucket

~~~~ and the time it takes the computer to perform the task

Under manual control the trade from l ocation to performance

actions is continuous , and therefore the determination of the boundary —

between these task times (i.e., l ocation and performance) can be

diffi cult. When a relative task is executed under computer control ,

the l ocation actions are usually done by manual control and the task

performance actions by the computer. During the trade from manual

location movements to computer execution movements a discontinuity

In control occurs making the determination of these two times rather

simpl e (rementer,thls ~d1scontinuity
P is a desired result since

trading of control shoul d be “apparent”). If the location time of a

task can be determined under manual control , it shoul d be possible

to use this time as the l ocation time of the compute r controlled

tasks. If the computer execution time Is constant, a prediction of

task completion time would be given by:

-160--



-

~~~~~~~~~~~

TTc = Ec + ~~~~~~~~~~~~~~~~~~ (5-2)

where,

= Constant computer execution time . -

From the above equation it is seen that the total computer task com-

pletion time can be obtai ned by addi ng the manual l ocation time to the

execution time.

As stated the experiments were chosen on the basis that

they were representative of marine manipul ation tasks. Al though the

tasks were not designed to be relative indices of compl exity, it was

hoped that the hypothesis advanced by Sheridan and Verplank~~
3 coul d

be demonstrated. It was decided that the evaluation of the experiments

would be based on effectiveness and quality of control . The time

measure woul d be divide d into l ocation and task performance times

to indicate the time spent by each action under computer control .

5.2 Equipment

The specifics of the SUPERMAN system have been described

el sewhere (Chapter 4), and therefore, will not be discussed here.

The manipulator laboratory was arranged as shown in Figure 5-3 during
— 

the experiments. Many of the objects schematically represented in the

figure can be identified in Figure 4-2. Figures 5-4 through 5-7 show

the movabl e task hub , sampl e buckets , task board , simul ated tools,

and tool rack built for these experiments (Note, the tool rack in

Figure 5-5 is normally mounted to the base of the manipul ator by a

-161-

~

V 
- 

~~~~~ - 
V 

V

— ~ ~~~~~~~~~~~~~~~ 
•
~

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~ - -- - 

V -



r 

- - - ~- ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~1

[o~~~

_ _  

1

.4

c 4  0

2

A
_ _ _ _ _ _  _ _ _  

Lt~z 8 11111111 _L~ I ____

Iii
U)

[ J U l
-162-

H 
- 

- -~~~• :  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



— .—--

Figure 5-4: Task Hub Designed for Experiments

Figure 5-5: Tool Handle s and Rack Designed for Experiments

S. 
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centileve r beam . See the shadow in Figure 5-7).

5.3 Subject Training

Th ree classes of subjects were used for these experiments ,

one ex pe rienced , four wel l trained , and two untrai ned subjects. Due

to time constraints only three subjects were used for four of the tasks

(tool retrieval , tool return , nut—off and sampler), and only one subject

was used for the remaining two (open/closed valve and digger).

The wel l tra ined subjects had an average of 20 hours training

given in 15 minute interval s for each of the control modes. On the

average the trained subjects performed 1.5 out of the possibl e 6 tasks.

Due to the variation s in time required by each subject to reach a

plateau of performance, some of the subjects performed more than the

- 
- average while others performed less. The four trained subjects were

given incentives to perform wel l in the form of bonuse s which woul d

be awarded to the best combined time and error rates Ia any control

category.

Generally, after the subjects practiced for 15 minutes with

a particular control mode a simulated task was performed . Iinfor-

tunately, during the initial stages of the experiments the simulated

tasks were not run in earnest , and therefore , the subje cts tended to

“take it easy”. After the author became aware of this effect, the

tasks were run unde r actual experimental conditions to insure subject

cooperation .

1.
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When the subjects appeared to show a plateau , experiments

were begun. But since the experiments usually stretched over a period

of several days, the subjects were asked to “reperform” some of the

tasks due to a “mistake”. If the subjects showed marked improvement

the tasks were performed again until the l earni ng curve level led off.

One of the subjects was remarkable in that after five minutes of

practice he was achieving faster times than the expert and with a

lower error rate. This subject exhibite d almost no learn i ng curve

at all.
The author was used as the baseline experienced subject.

He has over 200 hours of practice on a number of manipu l ator systems

and intimate knowledge of the SUPERMAN system. It may be reasonably

assumed that the experienced subject unde rwent littl e or no learn ing .

The experienced subject performed all six of the tasks without a

“warm-up ” period.

The untrained subjects had a total of 3 hours training time

for all control modes (i.e., 30 minutes per control mode and viewing

condition). The learning curves of the untrained subjects were not

observed. The only requirement placed on their training sessions was

to insure that each control mode was given equal training time .

After the 3 one-hour familiarity and adjustment peri ods were over the

subjects were allowed 24 hours of rest and the experiments were begun .

None of the subjects had any previous manipul ator experience . The

mean times of the untrained subjects were always above the maximum

va l ue of the tra ined su bjects for t he same task and con trol mode.
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5.4 Tasks and Experiments

As mentioned , the tasks chosen as representati ve of marine

manipul ation were: (1) tool retrieval ; (2) tool return ; (3) taking

a nut off ; (4) sampling; (5) opening or closi ng a val ve ; and (6) digging.

The experiments invol ved four di fferent control modes: (1) master!

slave with force feedback; (2) master/slave wi thout force feedback;

(3) variable rate control with a joystick; and (4) variable rate con-

trol with switches. With regard to the video arrangement, both mono

and two-view condition s were tested for comparison. Each experimen t

was performed 5 times to obtain a statistical mean and standard

deviation (see Appendix G). Both purely manual control and computer

control were used. These conditions , combined wi th those mentioned

in the previous section , give :

(2 viewing conditions) x (4 control modes) x (2 control philosophies —

manual and supervisory) x (5 runs) x (3 subjects x 4 tasks + 1 subject

x 2 tasks)= 1120 (required runs)

Two of these experiments (tool retrieval and tool return) have con-

stant computer execution times regardless of the manual control mode

used since they do not require manual l ocation time . This reduces the

matrix to 900 runs .

To reduce the number of runs further , the constant task time

equation (Equation 5—2) was used whenever the l ocation time of the task
- - 1 . coul d be identified under manual control . Since the “nut-off” and

“val ve” experiments are relative tasks with readily distinguishable
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location time s , these tasks were only perfomed unde r manual control ,

thus reducing the number of runs to 680.

The experiments were scored on the basis of recorded time

and errors. The subjects were not given specific instructions to

minimize either quality , but only to weigh them equally. The experi-

ments were not redone if errors occurred (regardless of the magni-

tude) unless it was impossible to proceed with the task (e.g., a col-

lision with an object that blew a fuse, etc.). The tasks were ran-

domized whenever possible to insure that variables which the experi-

menter was not aware of (e.g., particul arly easy or difficul t task

positions , short term learning effects, etc.) could be negated. All

tasks started from a prespecified position so that comparisons of

l ocation times coul d be made across control modes.

Before proceeding with an explanation of each task and pre-

sentation of the experimental resul ts, a description of the nomencl a-

ture of the graphs which foll ow will be given:

MS - master/slave with force feedback

MS NO FFB - master/slave without force feedback

JVRC - joystick variable rate control

SVRC - switch variabl e rate control

SC - supervisory control

The first graph on the top of the page will give the task completion

time as a function of the control mode and viewi ng condition (see,

for example, Figure 5-10). Task completion times are given on the
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vertical axis and the manual control modes are given on the hori-

zontal axis. The control modes increase in compl exity from l eft

to right within each viewing condition . The number above each bar

gives the mean task completion time for that control condition . The

lines to the left of the manual bars indi cate the minimum and maximum

completion times for that control mode. The second graph at the

bottom of the page will give the expected errors as a function of

control mode and viewing condition .

(a) Tool—Retrieval Task

The first task required the subject to start with the end

effector positioned over the nut (task hub). On the experimenter ’s

signal , the subject moved the end effector to the tool rack, obtained

the tool , being sure it was properly seated in the hand , and returned

to the nut. This task simulated tool -retrieval for many of the tasks

listed in Section 5.1 , but in par t icular  it simulate d the retrieval

of an impact wrench to free a frozen nut. Figure 5-8 shows the ex-

perienced subject retrieving a tool handle from the rack (The curtain

is normally closed during experiments but was left open here for 
V 

-
~

visual i zation). An action photo of the man ipul ator retrieving a

tool handl e under computer control is shown in Figure 5-9.

The average tool-retrieval times as a function of control

• mode and viewina condition for both manual and computer control are

shown in Figure 5-10 (see Appendix G for the individual subject V

means and standard devi ations). The results for various control

modes under mon o and two-view conditions can be found to the left
-169-
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Figure 5-9: Manipulator Retrieving a Tool Handle

under Compu ter Control
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Figure 5-10: Average Tool-Retrieval Time (Each bar gives the average
time of two subjects. The ~ symbol represents themean time for an untrained subject. The capped lines
show the total range of data for the trained subjects.)
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FIgure 5-11: Expected Number of Tool-Retrieval Errors (Averaged
over two trained subjects.)
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and right of the figure respectively. Since tool-retrieval is an

absol ute task , the absence of manual location time is an expected
result. Each of the manual control mode bars is the result of data

averaged over two subjects with five trials each. For comparison , the

average time over five trials for an inexperienced subject to ob-

tam a tool is denoted by a triangle. As previously mentioned , the

untrained subjects consistently averaged higher than the maximum

time for any of the trained subj ects (Note , the one exception to

this observation occurred during this task under switch rate control

(SVRC ) with one-view , but the untrained subject was still wel l above

the trained subj ect ’ s average).

There were three kinds of errors that a subject coul d make

while performing this task —collisions, dropping the tool , and not

seating the handl e in the end effector properly. The subjects were

tol d that the success or failure of the task was measured by whether

a solid connection between the tool handle and end effector was

achieved (Hydraulic or electrical connections require the tool to

be properly aligned in the hand). Figure 5—1 1 plots the mean number

of tool-retrieval errors averaged over two trained subjects (The

trained subjects never dropped a tool , and therefore , none of these

errors is noted in the figure) . This figure can be used to gi ve

a rough indication of the number of errors which can be expected

from experienced operators (For the unexperlenced subject ’s errors

see Appendix G). Generally as the control compl exity increased
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(i.e., from master/s l ave to switch rate) the error rate increased.

Note that the errors for two views are consistentl y higher than one

view. It is suspected that this phenomenon is a resul t of the

shared attention and internal orientation readjustment required

of the operator when switching from one view to the other. The

one-view task completion times were al so l ower than the two-view ,

although the statistical significance of this was not demonstrated

(i.e., signifi cance tests were not performed).

fly comparing the results between manual and computer

control for each control mode and viewing condition it will be

noted that supervisory control can improve the time required for

tool retrieval for all but one of the control modes —master/slave

with force feedback. Al so, the expected errors for master/slave

manipulation are only slightl y higher than those under supervisory

control and probably are not statistically supportable.

(b) Tool -Return Task

For the second task the subject started from a specified

position (next to the task hub nut) wi th the tool in hand , and then

on the experimenter ’s signal , the subject moved to the rack , re-

placed the tool insuring that it was properl y seated , and returned

to the initial position . To properl y seat the tool on the rack re-

qui red that both of the rack pins (see Figure 5-12 bel ow and Figure

5-5) were engaged in the handl e and that the tool was completely

pushed onto the pins.
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Figure 5-12: Tool Being Replaced on Rack

The average tool-return times as a function of control

mode and viewing condition for both manual and computer control

are shown in Figure 5-13 (see Appendix G for individua l subject

means and standard deviations). Again , the lines to the right

of the manual control mode bars give the range over which the

two tra ined subjects performed the task . Since tool-return

is an absolute task , the absence of manual l ocation time under

computer control is not a surpri se. These experiments were per-

formed in conjunction with the tool-retrieval experiments (i.e.,
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Figure 5-13: Average Tool -Return Time (Each bar represents the
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the tool was 
retrieved and then 

repiaced)s and 
hence , manY of the 

ex-

erimental conditionS 
were the same. 

For examPle the sane subjects

were used for both tasks . The untrained 
subjeCt ’S mean is again 

seen

to be greater 
than the highest 

maxi~~m 
time for any of the tr ained

5Ubjects.

The errors which 
the subjects could 

make during the 
ex-

perimentS were the same as those 
for the tool_retr1e~~

l task (colliSiOfl
S

~ropp ifl9 and seating 
errOrS~ 

The operators 
were told that 

the

success or failure 
of the task was 

dete~~ 
ed by whether 

or not the

tool was properlY replace d on the rack . Figure ~-l4 shOWS the ex-

pected number of 
errors for the 

tool_retu~ 
task. Generally) as

the control mode comP1e~~tY increased the number of ~~~~~~~ 
in-

creased, but note 
the significant 

drop in colliS~
0fl5 for switch

variable rate control 
(S~ C~. 

Also, tool/rack 
seating probl ems

were not as 
5i9nifica~

t as the hand/tool seati ng problems of the

previoUS task. lnterest~~9~ 
enough, the errors for 

one view were

higher than those 
for two views 

the exact 0~~0site 
of the result

obtained for the tool_ retrieval task . Also , the mono_view was

slO~~r 
than the two_view 

conditi0fl which mig
ht not be expected . 

V

Since the tool 
rack is stationary 

and the viewing 
conditiOflS were

not changed betW~ ° 
experim~

t5) the only exp
lanation for these

reversal 5 is that the subject s were makifl9 more efficient use of the

two views in the 
return task than 

in the retrieval 
task. To clarify ,

note that for 
the return task 

the subjects 
were required to 

l ocate
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two 1/8 inch pins and holes, whereas, for the retrieval task the

subjects were requi red to locate a ~~
- x ~~

- inch tool handl e with the

end effector docking plate . Cl early , a second close-up view of

the small pins woul d be more useful than a global mono view , where-

as, a sec~nd view of the large handl e is probably not needed as much

by an experienced operator.

Even without time delay or frame rate l imi ts the results

indicate that supervisory control can improve the expected error rate

and time required for tool retrieval for all of the control modes,

except master/slave with force feedback .

(c) Nut—Removal Task

This experiment required the subject to position the end

effector over the valve on the task hub , and then on the experimenter ’s

signal , the subject moved the end effector from the valve to the nut ,

oriented the hand , and removed the nut. The genera l proce dure used

by the subjects and computer was to turn 1800, pull back to test if

the nut was off , and then either reverse 1800 and continue, or remove

the nut .

The average times to remove the nut as a function of con-

trol mode and viewing condition for both manual and computer con-

trol are shown in Figure 5-15 (see Appendix G for the individual

subject means and standard deviations). Each of the bars in Figure

5-15 is the result of the average of two trained slt,jects with five
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trial s each. For compari son, the average time over five trials for

an inexperienced subject is included. The untrained subject for this

task exhibited the same characteristics as the untrained subject

used for the tool retrieval and return task, that is, he consistently

averaged higher than the maximum time for any of the trained subjects .

Since nut removal is a rel ative task (i.e., the location

of the nut in space is not known prior to execution), the computer

time is a combinat ion of the manual location time (ga ). and the

computer execution time 
~~~~~ 

To reduce some of the required ex-

periments, two distinct times and error rates were recorded when
V the subjects performe d the task manually: (1) the time to locate

the nut ; and (2) the time to take the nut off. Then, through the

use of equation 5-2, the time to perform the task by supervisory con-

trol was calculate d for each control mode . As seen from the figure ,

under computer control the proportion of time spent l ocating the task

to the time spent executing the task increased wi th increasing con-

trol complexity.

There were two errors that a subject could make while per-

forming this task— --collision and loss of nut. Prior to the task,

the operators were tol d that the task woul d be considered to be

successfully completed if the nut coul d be removed wi thout losing it.

Figure 5-16 plot s the mean number of errors averaged over two sub-

jects. This figure gives an indication of the errors which can be

expected from a trained operator (For the unexperienced subject’s
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errors see Appendix G). Generally as the control complex ity in-

creased, the frequency of errors increased , although a sharp drop

is noted for switch rate control (SVRC). The initialization col-

lisions shown in the figure are the errors recorded during the

manual location of the task. These errors indicate the number of

collisions which woul d be expected to occur under superv isory

control (remember that under supervisory control the task is

manually Thcated prior to execution).

Comparing the resul ts for both viewing conditions cl early

shows the advantage of the two-view system ur ler any control mode

for this task. With respect to task completion times, master/slave

control with force feedback is the only control mode which did not

benefit from a supervisory system. But, supervisory control im-

proved the expected errors in all control modes.

(d) Sampling Task

The fourth task required the subject to pick-up thirteen

randomly placed samples (blocks) and put them in one of two buckets

according to their size (see figures in Section 4.7). This task

simul ated many of the common storage tasks encountered in the ocean

environment (e.g., research sampli ng, sav ing a nut recently removed,

etc.). 
V

Figure 5-17 shows the average time to pl ace one sample

in a bucket as a function of the control mode and viewing condition
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for both manual and computer control (See Appendix G for the indiv idual

subject means and standard deviatk~.s). Each of the bars in the figure

is the result of the average of three trained subjects with five runs

each. The capped line to the left of each time-bar , gives the range

of the data recorded for that manual control mode (i.e., minimum and
maximum values).

Sampling is a combined relative and absolute task, and hence,

the overall location time is a combination of the sample (relative)

and bucket (absolute) l ocation times. Under manual control the

proportion of the total l ocation time whi ch occurs during sample

grabbing or bucket l ocation is not easily determined. Therefore,

the methods used by the relative tasks to reduce the number of ex-

periments coul d not be appl i ed here and independent experiments for

both manual and supervisory control had to be performed. But once

the times for supervisory control had been determined and the time

to exe cute the sampling routi ne was known, the relati ve grasping

subtask time coul d be obtained by subtracting the two times (Figure

5-2). The l ocation time given in Figure 5-17 was determined by

this method , and hence , -it is the manual grasp ing time.

There were four errors that could be made when performing

this task —coll isions , missed buckets, lost samples , and pressing

the wrong button . The subjects were told that their success or

failure to complete the task woul d be measure d by how many samples

were successfully pl aced in the proper buckets. Figure 5-18 pl ots
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each of these errors as a function of control mode and viewing

condition . The sampling task demonstrated the same error trends

as the previous tasks (i.e., the errors generally increased as

the control complexity increased, but the most compl ex control

mode , SVRC , shows a drop from the joystick control mode, JVRC).

The errors noted in the supervisory control col umn are the average

errors over all control modes. Since the subjects were required

to pIck-up 13 samples in rapid succession , an interesting error

appe a red when using supervisory control —on occasion the subjects

pressed the wrong button , sending the sample to the wrong bucket .

It woul d appear from the resul ts that both one and two-

view condition s are equally suited for this task. The task compl e-

tion times indicate both forms of master/slave m~u~ipulation (with

and wi thout force feedback) can perform sampl i ng tasks faster than

supervisory control . Obviously, force feedback is not required for

this task. The expected errors under supervisory control are less

than manual control .

(e) Open/Cl ose Val ve Task

This experiment required the subject to position the end

e-ffector over the nut on the task hub , and then , on the experi-

menter’s signal , the subject moved to the val ve , oriented the

hand , and opened or closed the val ve as required (opening and closing

tasks were switched after each experiment). Since this is a relative
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task , the location time and the task performance time were recorded

separately, when the subject performed the task manua lly, to reduce

the number of requi red experiments. -

The average time to open or close the val ve as a function

V of control mode and viewing condition for both manual and computer
V 

control is shown in Figure 5-19. Each of the bars in the figure

represents the average of five experimental runs using one subject.

The lines to the left of the manual tas k times give the minimum and
maxin um compl etion times unde r manual control .

The only error the subject coul d make was to all ow the

slave arm to collide with its environment. Task “success or fa ilure”
was not measured since the subject was required to continue until

the task was finished . Figure 5—20 shows the mean number of col-

l isions averaged over each of the five experiments. The initiliza-

tion errors shown in the figure are the errors recorded duri ng the

manual l ocation of the task. As mentioned for the nut-off task,

these errors indicate the number of collisions which woul d be ex-

pected to occur under superv isory control . The decrease in manua l

coll ision errors for joystick and switch rate control , compared to

master/slave without force feedback , can be explained by the fact

that the rotational degrees of freedom (o’~~B ’ and y) under rate

control are Independent of the transl ational degrees of freedom
(x , y, and z). Therefore, once the valve was properly located

under rate control , the transl ational degrees of freedom coul d be
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frozen and the operator was only required to focus his attention on

the remaining rotational degrees of freedom. This Is clearly in-

dicated by the fact that there are no manual l ocation errors under

master/sl ave without force feedback , and hence, all the colli s ions

must have occurred duri ng the turning portion of the task. The

reduced errors for the switch mode over the joystick mode can al so V

be explained by the same reasoning, since the switch mode locks 
V

all of the degrees of freedom except the one in use, which in this

case happens to correspond to the rotational axis of the val ve.

As would be expected, the two-view condition is faster

and shows fewer errors than the mono-view . Supervisory control

was faster than any manual control mode under mono viewi ng condi-

tions, but is seen to benefit only the more complex control modes

under two-view conditions. The error rates of the supervisory

control modes show s ignif icant reductions over those of the purely

manual control modes.

(f) Digging Task

The final task required the subject to remove a speci-

fied amount of soil from a box by fillin g a bucket with a shovel

(Figure 5-21). This task is a combination of two relative subtasks

and one absol ute subtask: (1) the shovel is placed in position to

remove the soil in a relative manner , (2) the shovel is pushed into

the so il and lifted out In a relative manner , and (3) the movement
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to the bucket and dropping of the soil is absol utely defined in space .

Under supervisory control , the positioning of the shovel is cl early a

.

~~~~ 14~~~~~~~~~

p- ... 
• V

•
V

•
~~~~~~ 

~~~~~~~ , p~Figure 5-21 : Shovel Scooping-Up the Plastic Beads
Used to Simulate Marine Soil

manual task (i .e., the operator decides where and when to dig) ,but the

relati ve scoopin g actions and absol ute dropping actions are easily

executed by the computer.

• Figure 5-22 shows the average time to pl ace one shovel

load of soil in the bucket for various control modes and viewing con-

ditions (see Appendix C for subject means,standard deviations and error

counts). Each of the manual control bars in the figure is the resul t

of five experimental runs which required approximately nine

-187-

_ _  _ 
_ _  _  

I

-~~~~~~~~~ ~~~~~~~~~~~ ~~~ ~~~~~



50 50

~ 
I-VIEW’ f ~2-VIEW T

4 0 -  .4 0

~~ 3O~~ - 3 0
SI

LU

j~~2 0 .  - 2 0
[1-MANUA L

I I

°
: 

i~~~~~~ ~~ — COMPuTER II ~ 
-

•

MS MS JvRC sync MS MS JVRC SVRC
NO FFB NO FFB

F igure 5-22: Average Digging Time (Each bar represents the mean time V

for one subject to obtain a shovel ful l of soil and place
it in the sample buc ket. The capped lines represent the
total range of da ta .)

T — — — c L I SIONS 
— — — —

- 
I-VIEW 2-VIEW / 

-

~~~ 
/

1

oVV~ _ O C  
- -

O — — — ________________ ~~~
__ _ 

— — — 0SC MS MS .JVRC SVRC SC MS MS JVRC SVRC
NO FF8 NO FF8

Figure 5-23: Expected N umber of Digging Errors

-188-

11.~..  — 
— -. ______________________ ~~~~~ _ • ..



P
t 

-

shovel l oads to fill the bucket. The mean supervisory control time

for each control mode was obtained by one experimental run which re-

quired nine automatic scoops to fill the bucket . The manual posi-

tioning of the shovel is seen to be a small fraction of the total

task under computer control , and hence, the variation of these times

we re considered smal l enough to warrant only one run through the

task (remember, the computer execution time is constant for all prac-

tical purposes).

Collision with the env ironment was the only error which

occurred dur ing thi s exper iment. Task “ success or fa il ure” was not

measured in this task as the subject was required to continue until

the bucket was full. Figure 5-23 pl ots these errors as a function

of control mode and viewing condition . The digging task demonstrated

the same error pattern as the previous tasks, that is , the numbe r of

collision s increased with increasing control compl exity. None of

the supervisory control runs showed any errors.

The resul ts of this task can be directly compared to those

• obtained for the sampling task. For exampl e , both one and two-view

conditions proved to be equally suited for the task. Both tasks

also demonstrated that master /slave wi th and wi thout force feedback

can perform faster than supervisory control . These similarities

are hardly surprising, as the digging task is really nothing more

than an invol ved sampling procedure (i.e., dig-in i nstead of grab).

The expected errors for supervisory control were less than those for

L -189-
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manual control except master/slave.

5.5 Suninary of Results

Both the task completion time and the number of errors in-

creased with control complexity for all of the tasks. Viewing con-

ditions (mono and two—view) appeared to affect tasks which required

precision movements (e.g., return tool , nut-off , and open/close

val ve) , but had little or no ~ffect on the less precise tasks (e.g.,

sampling and digger) . For many of the tasks a sharp decrease in

errors was noticed between joystick and switch rate control . This

effect is attributabl e to the increased attention and care each op- V

L 

erator exhibited during switch rate control modes (To move from

point A to point B requires considerabl e thought and effort with

switch rate control s but under joystick rate control the desired

movement only requires a push on the stick). In some tasks the

redu ct ion in errors from j oystick to swi tch rate control can be

attributed to the coincidental matching of the task degrees of

freedom and control degrees of freedom (e.g., val ve and nut-off).

Table 5—1 gives the ratios of task compl etion times for

each control mode with respect to the “best” control case , master/

slave with force feedback. The ratios are given for each subject,

task and viewing condition . The untrained subjects are denoted by

lii and U2, the trained subjects are denoted by 11, 12, T3 and 14,

and the experienced siA ject is denoted by El. The table shows

a number of interesting trends : (1) the ratios increase with in-
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creasing control complexity, (2) the ratios are approximately con-

stant across subjects (both trained and untrained) within a given

task and viewing condition , and (3) the ratios are not constant

across tasks (The tasks have been arranged in the table so that the

ratio increases as the page is read from top to bottom). A nunter

of other investigators have found similar trends.18’51’52~

It is interesting to examine each task in terms of its

major functions. For exampl e, the only movement required to open

or cl ose a val ve after the task has been located is a turning motion . The

nut-off task , on the other hand , not only requires a turning motion ,

it al so requires a pull to see if the nut has come off . The valve

task coul d be cl assified as a one degree-of-freedom task once the

val ve has been located , whereas the nut—off task coul d be classified

as a two degree-of-freedom task once the nut has been found. Simi-

l arly, the sampling task requires three degrees-of-freedom to both

locate the task and drop it in the bucket. The tools were designed

so that all six degrees-of-freedom are required to remove or re-

pl ace a tool (if any of the arm joints are fixed , the tool cannot

be obtained unless by coincidence the degree of freedom was fixed

in the prope’ position).

Hence , from these observations ft is seen that the de9rees of freedom

required to perform the major functions of the task indicate the

task difficulty (I.e., the relative position in Table 5-1). Con-

versely, the position of a task on the chart (i.e., task diffi culty)
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indicates the degrees of freedom used to perform the task. The

ratios given in Tabl e 5-1 have been pl otted in Figure s 5-24 and

5-25 as a function of control compl exity.

It is Important , at this point , to note that the task

difficulty is not the sane as task complexity . It is not the task

degrees-of-freedom which determine the task difficul ty, but the

actual degrees-of-freedom required by the operator to compl ete the

task. For exampl e, Imagine a task which requires an operator to

make a complicated six degree-of-freedom mot ion in space , and by

coincidence that same motion can be performed by movin g onl y one

joint. Are both tasks equally difficul t and complex? As far as

the operator is concerned the latter task is easier than the former,

but from the point of view of task compl exity the task has not

changed.

Unfortunately, defining difficul ty only in terms of the

degrees-of-freedom used to perform the task is too simplistic.

For exampl e , in both figure s the index of difficult y for the sampling

task (3 DOF) is seen to be greater than the nut-off task (2 DOF ) for

the rate control modes, but less for the nut-off task (2 DOF) unde r

maste r/slave control without force feedback. Cl early, the index of

difficulty is a function of more than just the spatial degrees of

freedom. The expl anation for this is simple—p icking up bl ocks

does not require force feedback , and hence , the ratio reflects this.

Since task difficul ty is a rel ative ratio of task complet i on times,
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any factor whi ch consistently affects one task but not the other

will change the relative ordering of the indexes.

Table 5-2 gives the ratios of the task compl etion times

under manual control to the times under supervisory control . The

ratios are given for each subject, task and viewing condition . The

ratios relative to computer control (Table 5-2) do not show the

same trends as those relative to master/slave control (Table 5-1).

It is interesting to note that in contrast to the consistent ratios

of Table 5-1 , the computer control ratios of the untrained subjects

are significantly higher than the trained subjects (i.e., untrained

subjects gain more from supervisory control than tra ined subjects).

Gains from supervisory control for any manual mode are seen to be

most significant for absolute tasks (retrieval and return tool).

The control mode column s clearly indicate the resul ts of the ex-

periments: (1) master/slave with force feedback rarely benefits

from supervisory control , (2) master/slave without force feedback

can profit from supervisory control in tasks which require force

feedback , and (3) both forms of rate control can be aided by

supervisory routines regardless of the task.

As stated previously, the tasks were designed for appli-

cability to the marine environment and not generalized tests of task

compl exity. Therefore, it is impossible to define a quantitat ive

measure of the complexity of each task. Clearly the tasks coul d be

ordered as shown for the ratios of difficul ty; but this index is
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not a true measure of task complexity . Therefore , the relationship

between direct manual control and supervisory control described in

SectIon 5.1 will have to be obtained through an indirect method.

One method of obtaining a graph such as Figure 5-1 is to

assume a slope for the direct manual control line and assign an ar-

bitrary scal e of time to the vertical axis. Then,to find the corn-

plexity of the task , determine the position of each task completion

time on the assumed line and descend vertically to the horizontal

task complex ity axis. Now plot the computer control time for the

same task along this vertical line ( remember, task compl exity ,

being a function of the task only, does not change from one control

form to another) .

Using this procedure , graphs of task completion time as a

function of task compl exity (Figure 5-26) were obtained for each of

the experimental tasks under joystick and switch rate control wi th

mono viewing conditions (the remaining control modes and viewing

conditions have similar graphs). The nonl inearity of the computer

control curve coul d possibl y be due to normal variations of the human

subjects. But, since task complexity does not change from one con-

trol mode to another, the complete reversal of some of the tasks (e.g.,

nut-off and valve ) on the horizontal complexity axis cannot be explained

as easily. The only explanation that can be offered is that either

the relationship between direct control and supervisory control is

I
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not linear, as mi ght be Suggested by the qualitativ e plot of Sheridan

and Verpl ank , or the horizontal axis is not task complexity but some
other variable or combination of variables . The resul ts neither verify
nor negate the hypothesis , but only say that the relationship is
more compl i cated than the pl ot suggested by Sheridan and Verplank .
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CHAPTER VI

CONCLUSION S AND REC Ot4IE NDA TI Ot4S FOR FUTURE WORK

6.1 Conclusions

This thesis has conside red the need for supervisory control

of remote teleoperator systems , and has shown that supervisory systems

can increase the effectiveness of remote manipulation . A mathematical

foundation has been developed for performing four major classes of

tasks: (1) absol ute , (2) rel at i ve , (3) fixed, and (4) moving .

The theoretical aspects of supe rvisory manipul ation were covered to

give the designer an overview of: (1) manip ulator and processor

selection factors , (2) interface design considerations , (3) language

attributes and implementation factors , and (4) control philosophies.

Base d on the rnathern~tic il and theoretical foundations described in this

thesis a supervisory system was developed and demonstrated.

The major concl usion of thi s study is that unde r the “ideal ”

conditions of master/slave manipul ation with force feedback and

real-time , undegrade d , continuous viewing conditions , supervisory

control offers l ittle or no benefit. But on ce control compl exity

is increased or viewing conditions are degraded , su pervisory control

offers real advantages and can increase a system ’s capabilities.

Even unde r th e “best ” control conditions (i.e., no time delays , no

frame rate problems , hi gh visabi lity , etc.) supervisory control has

been demonstrated to improve system performan ce for afl forms of
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manual control except master/slave with force feedback.

6.2 Rec oninendat ions

Design reconinendations have been considered in Chapters

II and III , and therefore, will not be considered here . The fol l owing

is a list of additional recornendations.

1. To date, moving man i pul at i on (Chapter II) has not
been investigated to determine the appl i cability
of this form of shared control to the ocean environ-
ment. It is suggested that a simpl e impl ementation
of manual control using an orientation manipulator
woul d be warranted.*

2. It was noted that traded control between manual con-
trol modes can increase an operator ’ s ability to per-
form certain tasks. For exampl e, when performing a task
that requires accurate positioning, it is best to
“grossly” move the man i pulator to the task by master!
slave and then change to switch rate for precise move-
ments. These forms of traded control warrant further
investigation

3. During the two-view experiments subjects occasionally
had to pan and tilt the moveable camera for a better
view . It woul d be expected that automatic slaving of
the camera to the end effector position would decrease
errors and compl etion times for two-view conditions,
and therefore, this form of compute r aid shoul d be
studied further (Derivations for a slaved camera
are included in Appendix E).

*Remember that the orientation manipulator gives the orientation of
the task with respect to the moving vehicle. Though the use of the
orientation manipul ator and the moving transformation equations ,
the hand position with respect to the task ca~ be frozen while the
computer continuously corrects the joint actuators to adapt to the
changing positions between the task and vehicle — only manual com-

man ds from the operator change the hand position (see Chapter II).
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4. Whenever a number of tasks can be strung together ,
the onl y manual location time invol ved would be the
initial set-up. Hence , the task would not be limited
by the h uman opera tor ’s l ocation and performance times
for eac h of the in di v id ual su btasks an d it m ight be
expected that supervisory control woul d have an ad-
van tage over even the “ideal ” case of master /slave
wit h force feedback .

5. Tasks wh ich require long periods of time to compl ete
shoul d be investigated to determine if operator fatigue
coul d be reduced by supervisory control .

6. Force/torque wrist sensors shoul d be used in lieu of
sensin g the joint  torques and transformi ng to equiva-
len t end effector forces and torques. Use of these
sensors will require considerable thought to insure
r e l i a b i l ity in the host i le ocean env i ronment .

7. Experiments to determine the effects of frame rate
and resolution on task compl etion time and the ex-
pected number of errors shoul d be performed under
both manual and supervisory control .
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APPENDIX A

INCOMPATIBILITY INDEX

Cross coupling is a phenomenon which occurs when the human

operator’s internal mode l of an anticipated motion does not coincide

with the observed motion . As defined here , cross coupli ng wi ll be

specified in terms of the expected versus the observed end effector

motion (i.e., the hand coordinates of the end effector; not the in-

dividual joint rotations of the arm). Some investigators have called

this stimulus-response mismatch and orientation-displ ay incompati-

bility . Although both of these terms are appropriate, the term

cross coupling implies a rel ationship between the degrees of freedom,

and hence, is felt to relay more information (remember that the ap-

plicable degrees of freedom are not the individual joint rotations

but the coordinates of the hand frame).

There are three forms of cross coupling which have been

i dentified — mechanical , geometrical, and observational . Figure

A-i shows how these forms of cross coupling occur.

In Figure A-la , the operator desires to move the end ef-

fector to the left . But due to mechanical cross coupl ing of the de-

grees of freedom in the control stick , the operator ’ s comand drive s

the end effector in a di rection whi ch is skewed with respect to the

comanded motion (i.e., the actual motion and the coninanded motion

are not the same). The operator expects the end effector to move

horizontall y across the screen (see figure in operators head), but
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the observed motion is in an unexpected direction . Hence, the ob-

served end effector motion is cross coupled with the operator ’s

internal model of the expected motion .

In Figure A-lb , the operator desires to move the end ef-

fector to the left , but due to a geometrical difference between the

maste r and the slave arm, the operator ’s coninand dri ves the slave

end effector in a vertical direction. The operator expects the end

effector to move horizontally across the screen (see figure in op~r-

ator’s head), but the observed motion is vertically upward . Again ,

it is seen that the observed end effector motion is cross coupl ed

with the operator’s internal model (i.e., the expected motion).

In Fi gure A-lc , the operator desires to move the end ef-

fector to the l eft, but due to the positioning of the camera the

observed motion is contrary to what the operator expects. Hence,

the observed end effector motion is cross coupled with the operator’s

internal model of the expected motion .

Occasiona lly , the expected motion is physical ly identi-

fiable with the controller. At other times the expected motion is

only an abstraction in the human operator ’s mind. As an example

• of these possibilities , consider master/slave control (Figure A-2a)

versus resol ved mot ion rate control (Figure A-2b). Under mas ter/

slave control (Figure A-2a), the coninanded mot ion , the actual motion ,

the observe d motion , and the expected motion coincide . All of the

4
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(a)

OBSERVED ACTUAL

EXPECTED rOMMANDED

• Master /slave manipulator with end effector rota ted 900 from conven-
tional (Z axis is normally vertical). This arbitrary change makes
no diffe rence in operator ’ s a b i l i t y  to control ,since the expected
motion is physically identifiable with the coninanded motion .

(b) 

H~~~~~~~~~~~1

OBSERVED ACTUAL

2±7
EXPECTED COMMANDED

• Resol ved motion rate control with end effector rotated 900 . Al though
the joystick is not physically rotated in space ,as was the master
hand in (a) above , the operator imagines the joystick is rotated,
and hence , cross coupling does not occur.

Figure A-2: Physically Identifiable and Abstract Expected Motions
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motions coincide because the slave end effector orientation is phy-

sically identifiable with the master controller orientation (i.e.,

the master XZ frame has the same orientation as the observed slave

U XZ frame). But under resol ved motion rate control (Figure A-2b),the

• observed and actual motion s will be different from the comanded

direction of motion (The joystick’s fixed In space and cannot be

physically rotated to make the XZ frame coincide with the slave

end effector XZ frame). But the observed motion is exactly what the

human operator expected , since the operator imagine s that the joystick

is riding on the sl ave hand coordinate system. Clearly , the expected

motion is only an abstraction in the operator’s mind. But as long

as the operator can maintain this abstraction , cross coupling will

not occur. As another example, consider cross coupling due to a

geometrical difference between the master and slave. If the human

operator is aware of the geometric difference, he might be able to

anticipate the required commands which woul d resul t in the desired

motion , and hence , the expected mot ion and observed motion would be

the same (i.e., there would be no cross coupl i ng even though the

arms are not geometrically similar).

• At this point a simpl e formul a which indicates the degree

of cross coupling or simulus-response incompatibility will be pre-

sented without proof.

- 1 - ccdcc(~2
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where ,
dr 0 . dr

= 

Idr~l Idrel

ICI = Incompatibility Index*

= the cosine of the absolute angle between the
observed motion vector and the expected motion
vector.

dr0 = the observed motion vector

dre = the expected motion vector

If ,
IC! = 0 cros s coupl ing will not occur

0 !CI< —i- cross coupling will occur but the operator
can compensate for the effects

IC! > -
~~~ cross coupling will cause the operator’s

performance to go unstabl e

This rule was observed during the takeover experiments in

Appendix B, but experimental verification was not done due to time

considerations. An indication of the validity of this rule has been

found In the literature: “Vertut showed that if the master end of a

master/slave manipulator is rotated 300 [IC! ~~~~ 

~~ relative to

the slave (and all other correspondences left undisturbed) the operator

*The incompatibility index was given this form so that the entire range
from 0 to 1800 woul d resul t in a singul ar funct ion which continually
increases to a maximum of one (1) as the cross coupling approaches
1800 phase difference.

**The comments In brackets are mine .
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could compensate , but as the disparity went beyond 45° [Id > 

~~~

performance deteriorated bad1y. ”~
4
~ Ve rtut ’s exampl e used one joint

degree-of-freedom and only accounted for geometri c cross coupi ing,

whereas the incompatibility index advanced here is in terms of spatial

coordinates and is hypothetically valid for al l forms of cross

coupling (me chanical , geometric and observational ) and anal og stimu-

lus-response incompatibility. For exampl e , the anal og bar graph

• displ ay mentioned in Section 3.3a which decreases with increasing

force level woul d have an incompatibility index of one (Id = 1)

as long as the operator expects the displ ay to increase with in—

creasing force (i.e., the expect motion is an increase but the ob-

served motion is a decrease). But, as soon as the operator adjusts

to the graph and expects the graph to decrease with an increase in

force, the incompatibility index drops to zero (IC! = 0).
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APPENDIX B

TAKEOVE R EXPERIME NTS

To investigate the mismatch , cross coupling, and transien t

probl ems discussed in the Takeover section (Section 4.6), a number of

simple experiments were performed. Due to time constraints only two

of the available control modes were used for these experimen ts—joy-

stick rate and master/slave (These control modes are representative

of the two major cl asses of manual control—rate and position). This

study consisted of three parts ; (1) a qual i tative determination of

the offset rate of decrease; (2) a quantitative test of speed and ac-

curacy under a simulated emergency conditions , and (3) a qual i tative

measurement of accuracy and stability of each control mode. The first

part of the experiment consisted of determining the rate of mismatch

decrease. This was done by varying the offset rate and allowing the two

experimental subjects to comment on the decrease rate compared to pre-

vious trials (Due to a time constraint , quantitati ve offset rate ex-

periments and thei r effects on operator performance were not done).

For the second half of the experiment the gain on the z axis was turned

almost completely off and a weight was hung from the arm to hold a pen

against a sheet of paper. The operator could control all s ix degrees

of freedom, although the z axis was severely limited by the low gain.

Each operator was allowed fifteen minutes of practice time in each

mode before the experimen t to become familiarized wi th the equipment.

Then each subject was required to observe the slave manipulator traverse

a random path with the instruction s to take control by pulling on the

• -211—



master if the slave crossed into circle one (Figure B-i). After

taking control the subject was required to fol low an optima l path

around an imaginary wall as accurately and quickly as possibl e (It

was assumed that the weights the subjects would put on accuracy and

t ime for one mode would be the same for the other control mode).

At the end of the path the subject was required to pass as closely

as possibl e to the center of circle three , at which time the cl ock

woul d stop. After passing through circle three, the operator moved

the slave to circle four and attempted to hold the pen there for ten

seconds. Each subject performed the above procedure three times for

each con trol mode. A quantitative analysis of the mean distance from

the optimal path , time to traverse the path , and final positioning

accuracy , as well as qualitative evidence for accuracy and stability

when attempting to hol d a pen in a stationary position can be found

on the followi ng pages.

B.l Offset Decrease Kate Experiments

It has been stated in previous arguments that it is

desirabl e to remove the mi smatch so that the operator is in a com-

pl ete master-slave mode as soon as possible (Section 4.6). The

determination of this parame te r was largely subjective , being set

by comments like , “this feels better than the last offset rate.”

Through this method of parameter adj ustment it was found tha t the

offset rate becomes transparent to the operator i f  the offsets are

ze roed at a rate of 1/3 vol t per second (This offset ra te corresponds

-212-
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to different angular rates for each degree of freedom since each de-

gree of freedom has a di fferent total angular displacement). Future

quantitat ive experiments with independently adjustabl e angular rates

are clearl y needed , but for the purpose of this experiment, both op-

erators fel t at ease with the subjectively determined values (Clearl y,

the offset decrease rates are dependent on the manipulator geometry ,

and therefore, are manipulator specific).

B.2 Emergency Path Experiments

Figures B-2 and B-3 show the mean distance from the optimal

path in a scaled drawing of the actual experimen t for both the rate

and master/slave control modes(Plots of the mean distance from the

optimal path and the standard deviation of the actua l paths for both

experimenta l subject ., can be found in Figure s B-lO through B-14

at the end of this appendix). For both subjects , whether rate or

position control , it is irrinediatel y apparent that any abrupt change

in trajectory not only increases the subjects distance from the

optima l path , but also their vari abilit y between experiments (i.e.,

the standard deviation shows increases at exactly the same positions

al ong the curve that the mean path shows increases). For example ,

note that the second subject’s mean distance from the optimal path

in rate control (Figure B-l2) has a very large initi al spike after

takeover and after turning the corner. The same effects can be noted

in the standard deviations (Figure B-l3). These effects cannot be

attribute d to an electronic or mechanical transient as the 7.2 inches

noted for subject two or the 3.5 inches for subject one are too large

-214-
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to be due to t t è ~ t’ sources , and therefore , the increase s must be par-

t~a11y due to the subjects reaction time .

As mentioned previously, the purpose of the experiment was

to simulate emergency takeover , and hence , i t i s necessary to have

time and accuracy constra i nts if the simulati on is to represent real

conditions. These constraints were represented by the experimenter ’s

stopwatch and the optimum path , but the relative wei gh t s of these con-

straints were gene rally left unfixed (i .e., the subjects were onl y told

to Qe•~ t.. the end as fast and as accura tel y as possible). It is in—

tere -.tinq to note that the average time for rate control for each sub-

ject is two seconds more than the average time for the offset rnaster/

slave mode (see Fiqures 8—2 and 8—3). Figure 8—4 shows the time

recorded for the individual experimental runs . For both subjects the

time to complete the path with rate control is greater than that with

an offset master/sl ave (note the exception for random path #4 by sub-

ject ~2).

The final positioning error for the individual runs gen-

e ra l l y s howed the same pa t te rn as the mean d istance from the opti mal

path and the average time did , i. e., the offset master—slave mode

has bette r terminal accuracy compared to the rate mod e (Figure B-5).

It should be kep t in mind that thi s experiment does not

a ttempt to dete rm i ne wh i ch of the two , rate or maste r/slave , i s more

ac cura te than the oth er. Given erough time eithe r one of these modes

could follow the optima l path withou t deviation . What the experiment
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doe s say is that unde r emergency conditions , when time and accuracy

coul d be decisive factors, master/slave manipulation will be faster

and more accurate than rate (It should be obvious that a switch con-

trol l ed rate manipulator would be even less effective than the joy-

stick control l ed rate man i pulator used for this experiment).

B.3 Stationary Task

Figures B—6 through B-.9 show the actual recorded position

of the pen for the stationary task. The results indicate that the

offset master/slave for this particul ar experiment was more stable

and accura te for both subjects (It shoul d be noted that due to the results

of this experi ment , a dead zone has been added to the rate control

wi th the result that some of the instability in Figures B—6 and

B-8 has dissappeared).

B.4 Takeover Experiment Conclusion s

In conclusion , a numbe r of important findings resulted from

these experimen ts:

‘I) Operators generally prefer the positional control over

the rate for “accurate takeover and ease of use”.

2) Operators feel that both modes should be available for

use at the operator ’s discretion . There should also be

the ability to change from one mode to another inmnediately,

so that a combination of the two modes can be used . This

combinational mode would work well for instances when

there was a large disparity between the master and slave,
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and hence , the affects of cross coupl ing would be

noticed most . When this situation arises the possi-

bility of cross coupling could be circumvented by

using rate control until the orientation of the two

arms were sufficiently similar that position control

could be used.

3) Rate control should have a variable scale and the

joystick shoul d have a deadzone to prevent drift.

The original experiment only allowed the subject to

vary the slave ’s rate through the joystick , so that

the rate was continuously variable from 0 to 20 inche s

per second for a movement of 0 to 5 inches of the joy-

stick. From this experiment it was discovered that

a variable rate—scale setting , which allows the max i-

mum rate for 5 inches of joystick travel to be set

independen tl y of the joystick, will increase the ac-

curacy at a small expense in rate. This allows the

operator to move toward a target at rates up to 20

inches per second , but as the target approaches , the

operator can adjust the rate-scale so that the sensi-

tivity of the joystick is greater but at the cost of

the maximum rate.

4) The questi on of offset decrease rate is still un—

answered,but subjective results appear to be adequate
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for preliminary studies. Further investigation would
seem to be warran ted.

The built in capability for the human operator to take
control directly and ininediately from the compute r appears to enhance
the total system and is felt to be justified for any computer con-

trol led manipulator.
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FIGURE B-6: TEN SECON D STATIONAR Y TASK FOR SUBJECT #1 WITH RATE CONTROL

I
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FIGURE 8-7: TEN SECOND STATIONARY TASK FOR 

j
SUBJECT #1 WIT H 

~
QSITION CONTROL
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FI GURE 8—9: TEN SECOND STATIONARY TASK FOR
SUBJECT #2 WITh POSITION CONTROL
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APPENDIX C

TRANSFORMATION MATRICES FOR THE E2-MANIPULATOR

The E2—manipulators at the Man-Machine Systems Laboratory

have six degrees of freedom, excluding the gripping action. The

assignment of coordinate systems to each of the degrees of freedom

is shown in Figure C—i . Frame 0 is defined at the manipulator base

and is fixed to the vehicle. Each joint of the arm is assigned a

coordinate system, starting with frame 1 at the base out to the hand

which is designated as frame 6. The joint angles 0k signify the ro-

tation of the kth frame with respect to the previous frame (k-l). With

the notation of Figure C-l and the general transformation matrix of

Section 2.2, the required transformati ons between congruent frames

have been obtained and are tabulated in Tabl e C-i . (The SiflO k and

the COSO k are represented symbol i cally as Sk and Ck, respectively).

The transformation from the hand frame to the vehicle frame,

as stated in Section 2.3, is given as

0 _ O 1 2 3 4 5
~6 ~~~~~~~~~~~~~~~

and the transformation from the vehicle to the hand coordinate system

is given by
6 _ 6 5 4 3 2 1
~O 4~~’3~~2~~l~~O

Substituti ng the congruent fra~” transformations of Tabl e C—l into

the above equations , the transformation from veh i cle to hand , and

j -232- 
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0211
2~3~

O~l~
2~3~ 

03

4 0.0”

Angles e are the rotations
of coord~nate frame k. Anglesare assume d zero as shown . A

‘~Z °Z

‘~~~~ - 1.39 ”

• 1 
-
~

4 i  ~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~0~J *~ 4y 5y6 y

Figure C-i : Definition of Coordinate Systems and Rotation Angles
(Modified from Groome[12J
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v i ce versa , have been obta i ned and are given in Tables C-2 and C-3

(a . .  and a~~ represent elements in matrices 6A and O
~6 respectively).

I

I
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Table C-i : E2 Congruent Frame Transformations

1 0 0 0 1  1 0 0 0
0 Cl Si o J ~ 0 Cl -Si 0A0 = 

~ ~~ ~~~ ~ 
A1 0 Si Cl C)

n 0 0 i J  0 0 0 1

C2 0 -S2 0 C2 0 S2 0
O 1 0 -18 J

A = 0 1 0 18
S2 0 C2 0 2 -S2 0 C2 0
0 0 0 1 0 0 0 1

r 1 0 1 0 0 0
3 

— 0 C3 S3 0 2 — 0 C3 -S3 0
1 0  -S3 C3 O

~~ 0 S3 C3 0
L o 0 o 1 J 0 0 o 1

C4 S4 0 0 C4 -S4 0 — 1.39S4
-S4 C4 0 -1.39 S4 C4 0 1.39C4

3 0 0 1 40 4 0 0 1 -40
o 0 0 1 0 0 0 1

1 0 0 0 1  1 0 0 0
0 C5 S5 O

~~~ 0 C5 -S5 0
0 -S5 C5 0 14 A 5 0 S5 C5 0
O 0 0 iJ  0 0 0 1

C6 0 -S6 O
~~ rc6 0 S6 0

6 _ ( o  1 0 0 ( 5  _ ( o  1 0 o
I S6 0 C6 0 (_S6 0 C6 aLo 0 0 iJ  La 0 0 i
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Table C-2: E2- Transformation from Veh i cl e to Hand

a11 a12 a13 a14

6 
a21 a22 a23 a24

I A0 =
a31 a32 a33 a34

I 

0 0 0 1

a11 
= (C2C4+S2S3S4)C6 + (S2S3C4S5—C2S4S5-S2C3C5)S6

I a12 = (C1C3C4-S1C2S3C4-S1S2S4)55S6 +

+(C1C3-5] C2S3)S4C6+Sl S2C4C6

a 13 = (C1S2S4+S1C3C4+C1C2S3C4)S5s6 + (S1S3—C1C2C3)CSS6
I +(C1C2S3+SlC3)S4c6 - C1S2C4C6

a 14 = —18(C3S4C6+C3C4S5S6+S3C5S6) -40 C5S6-1.39 5556

a 21 = (S2S3C4—C2S4 )C5 + S2C3S5
a 22 

= (C1C3C4—S1S2S4—S1C2S3C4)C5 — (C1S3+S1C2C3)S5

I a23 
= (C1S2S4+S1C3C4+C1C2S3C4)C5 + (C1C2C3—S1S3)S5

a 24 
= 18(S3S5—C3C4C5)—l.39 C5 + 40S5

I a 31 
= (C2S4S5—S2S3C4S5+S2C3C5)C6 + (C2C4 + S2S3S4)S6

I a = (S1S2S4—C1C3C4+S1C2S3C4)S5C6 - (C1S3+S1C2C3)C5C632 
= 

+(clc3...slC2s3)s4s6 + S1S2C4S6
a = -(C1S2S4+S1C3C4 + C1C2S3C4)S5C6 + (SlC3+ClC253)S4S6

+(C1C2C3—5lS3)c5C6 - CIS2C4Sfi

a34 = 40 C5C6 + 18(C3C4S5C6-C3S4S6 + S3C5C6) + 1.39 S5C6

I

5.
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Table C-3: E2 Transformation form Hand to Vehicl e

11 U12 13 U14

a
~ 

a~2 a~4
A =

aj1 a~2 a~3

0 0 0 1

a~1 = a11

aj2 = a21
a~3 = a31
a~4 = 1.39(S2S3C4-C2S4)-.40(S2C3)

a~1 = a12
a~2 = a22 

—

a~3 a32
a~4 = 1 . 39(Ci C3C4-S1C2S3C4-S1 S2S4 ) + 40(C1 S3+S1 C2C3)+l8Cl

= a13

aj2 = a23
a~3 = a33

= 1 .39(S1 C3C4+C1 C2S3C4+C1S2S4)+40(S153-C1 C2C3)+l 8Si
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APPENDIX 0

MANIPUL ATOR MODIFICAT IONS

As mentioned in Chapter IV , to achieve better performance

of the overal l system the manipu l ator was modified . The modifications

to the arm consisted of mechanica l and electronic alterations which

were the direct resul t of a change from syncro/resol vers to potentio-

meters for position feedback. The mechanical modifications primarily

invol ved changes in gearing to limi t potentiometer rotation to less

than 360 degrees (some of the syncrho/resolvers moved through three

revolut ions for 90 degrees of joint movement). The remainder of this

appendix will deal with the design of the servo con trol circuits and

electronic modifications . The following description of the ANL E2

manipu lators has been taken from Mulle n 1~
’
~
1 (Mul len 4 s orig inal ex-

planation has been changed by the author to account for the manipu—

• lator modifications).

The ANI E2 arm used in this project is a master/slave

device with all electrical connections between master and slave .

Master and slave arms are i dentical except that the master has a grip

which fits the human hand. The slave has a gripper similar to a pair

of tongs. On both master and sl ave there are six rotating joints

(see Figure C-l in Appendix C). The lower three turn joints (04.05,06)

in Figure C-l are connected to their motors by means of smal l cables

and pulleys. The upper three turn joints (o 1.e 2~
o3) are connected to

their motors by means of gears. The arm is wel l -balanced and

-238-
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mechan ically stabe . The motors used to drive the joints are 10 watt ,

115 vol t , 60 cycle A .C. motors. The input from the master , wh i ch is

control l ed by the human operator , is a mechanical angle 0m for each

axis on the manipulator. This mechan ical angle is converted to an

electrical signal by a potentiometer and line driving amplifier.

On the slave end of the device is an identical potentiometer circuit

whose output is the slave joint angle. These two signals are com-

pared to produce a differenL~ si gnal . The difference signal is then

modul ated and used to drive the motors on the maste r and slave .

By driving both master and slave , the unit is made bilateral , giving

the device force feedback. The amount of force feedback can be al-

tered by varying the strength of the signal to the motors on the

master. To improve stability, two other l oops are present, a
[51)tachometer feed-forward and a tachometer feedback l oop .

Figure 0—1 is a generalized block diagram for one joint of

the E2 system in the master/slave mode . The solid lines in the

figure are el ectrical connections and the dashed lines are mechanical

connections . The AC signal sense is indicated by the small graphs of

alternating current on the solid lines . The feel ing of force feed-

back is obtained through the reversed signal on the master which

causes a torqt~ in the opposite direction of the torque exe rted by

the slave . To prevent the operator from feeling a torque when the

slave Is moving with a velocity , a tach feedforward l oop from the

slave cancel s the master driving signal so that a reverse torque is

I
-239-
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not fel t at the master. Th rough 0c~ 
the compute r can input a signal

to maintain a mismatch between the two arms (see Section 4.6).

Figure D-2 is a generalized block diagram of the E2

system under computer control . The computer or operator can switch

between the master/slave and computer configuration through the use

of rel ays which are closed by the digital output ports or manual

override switches on the servo rack. Each relay is independently

closed so that any combination of computer and master/sl ave control

can be used. Under Computer control the feedforward l oop is dis-

connected,and position signal s are input directly from the computer

(e) into the individual comparator circuits . All manual control

signal s, except master/slave, are generated through the computer

(e.g., under switch rate the computer reads the switches and generates

the output signals).

Figures D—3 through D—8 are schematics of the servo elec-

tronic circuits . The comparator circuit shown in Figu re D-5 is a pro-

portional control l er with an averaging filter which attenuates fre-

quencies higher than 35 Hz. Proportional control was chosen so that

the difference in commanded position and the actual position woul d

represent the equivalent joint torque. If an integral controller had

been used in the local servo loop, the system woul d continue to

increase the joint torque until the actual and commanded positions

where equal . Hence , if proprioceptive feedback (joint rotation ) is

-241-
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used to determine the end effector force the loca l servo control l oop

cannot be integrated . In tegral control must be done by the control
algorithm when desired.
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APPENDIX E

CAME RA SLAVED TO END EFFECTOR POSITION

Assume it is desired to slave the video camera to the end

effector so that the human operator will not have to continuousl y

adjust the camera position . This can be easily achieved through the

use of the trans formation matrices and an analytic solution for the

two degree of freedom pan and tilt mechanism. The procedure is as

follows .

Assign coordinate frames to the camera and manipul ator

bases as shown in Figure E-l. The vector is gi ven by the trans-

formation from the end effector to the manipu’ator base (Equation 2-4);

~

EE = °A 
1A 2A ~~ ~~ ~~ (E- 1)

The vector from the camera base to the end effector C
>~ is then

given by,
CX = 

C
A ~~ 

~EE (E- 2)

where ,

- is the transformation from the manipulator base
to the camera base.

- is the transformation from the end effector to
the manipulator base.

Now that the position of the end effector is known in the

camera base coordinates it will be necessary to obtain the solution

-250-
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of the camera joint space (i.e., the pan and tilt rotations required

to point the camera at the end effector). The tilting rotation will be

denoted by q, and the panning rotation will be denoted by 0. It will be

assiined that the camera pans first and then tilts (This assumption

is only a mathematical simplifi cation and places no restrictions on

the actual mechanism). The vector c~ points from the camera base

to the end effector — the exact direction that it is desired for the

camera to poi nt.

Assume a coordinate frame p is fixed to the camera with the

V axis pointing out of the camera through the lens and that frame p

has been panned through the angle 0 as in Figure E—2.

>~

Figure E-2: Camera Panned Through Angle e

The transformation from coordinate frame p (pan) to coordinate frame

c (camera) is

cose sine 0 0

-sine cosO 0 0CA = (E—3)
O 0 1 0

0 0 0 1
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Now that the camera has been panned th rough 0 degrees, imagine that an-
other coordinate frame t is fixe d to the camera with the V ax is
pointing out of the camera through the lens. Al so, assume that the

coordinate frame p is now fixed and that the camera tilts through the
angle 4~ as shown in Figure E—3.

zp,z
Z
t 1Ih~~~~~

q

~

1

f

,

Y
t

~,, ,X
~I
,#
~~~~

Z
~~I

P

YC

Figure E-3: Camera Tilted Through Angle •
The transformation from coordinate frame t (tilt) to coordinate frame
p (pan) is simply

1 0 0 0

0 cos . -s1n~ 0
= (E—4- )O sin. cosq, 0

O 0 0 0

By Equation 2-3 the transformation from the tilt frame t to the
camera frame c is given by,
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cose cos4,sine — s in~sine 0
-sine cosq,cose -sinq~cosO 0

I 
CA = CA ~A = 

(E— 5)
‘t P t 0 sin q, cosip 0

1 0 0 0

I Now since the Vt axis points in the direction of the end effector , the

vector C
~~E is defined in the tilt frame by

I 0
d

I X = I
C
X I  it = 0 (E-6)

i tI where

is the un i t  vector in  the direction

I d = c
~ = + 

2 
+ 

2,1/2
—EE L c ~“c ~~ (The magnitude of the vector

from the camera base frame to the end effector) .

Combining equations E-5 and E-6, gives1
c ... CA t~ C

A 
dI ~-EE —t —EE —t

1 
1 

-t

Performing the matrix mul tipl i cations gives three equations in two

J unknowns ,

x
~ 

= dcosipsine

I =

I -254-

I
~~~~~~~~~~~ ~~~~~~~~~~~~~ 

.
~~~ 

-

.

I 
- •,___~~~_ —=5- —-———- 5- - —5- ~~~~~~~~~~~~~~~~

I



- - - - - - - - -- 5 -~~~~~--

Z c
~~

dsin * *

which gives ,

sin

tano ~~~~~~
IC

the desired result.
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APPENDIX F

SUPERMAN TASK PROGRAM LISTINGS

I
I
I
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Get-Tool Task

1
T~~ PC~~GH PATH

~ FIHE VUO CI T !  — ~~~ M~ YV
~c r I ~~CP~ TE PAT H

tICCF !TF PATH
~r A P T ~~~~E L z Y

? G~~AS P ~ITh FOBC E 1~9
T~~P.~~1N A T E  JI~~!r V E L O C I T Y

c TERCT2GI~ I ’ATH
1~ T H H C U G H  PATH
12 tPA~’E TC ~~ TU P~ CCNTF(~1i:z E~~P

Return -Tool Tas k

1 A3~C1’J’t~2 ThPO ~~GB OATH
~ f l iEr  V E I O C I T T  — ~~~ V A X V
4 ~ISCPE~E P A T H

t I~~CflT~ PAT H
~E A ? T A P L Z 1r ?
T E F I ~’I N A T !  PIXEl’ V ELC CIT ’T
T H R C U C H  PATH

i~ TIi RCU c- E PA TE
12 }ATh TO FETJPN CCNTBOI
i z  rid:
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Nut-Off Task

I 1 R E L A T I V E
I 2 DISCRETE P A T H

L A P E l  ~
I 4 ~~ A S P  ~- I T H  FORCE 199
I ~ DIS C RET E PATH

F I N C R E N E N T  Y ~5ø
7 I F  Y -10 1’CE. G T.  ~5 E X E C U T E  M E XT C C V V A N E

I ‘~ GC TC 2
I 

~C T C  1
L A P E L  2

I 11 l E E
I 12 t I S C P ~~i E  PAT P .

1~ GC TO ~ —

14 l A P E l  1
I 1~ ~ B S C L U T E

if THRCUGH PATH
1? T E DCT 1GH NATE
1~ DISCR ETE PATHI 19 PELEASE
2? T E E C U G H  PATH

I 22 D F A T :~ TO PETIJB N CCNT P ~~1

~3 E~L

I
I

I

-258-
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Sampler Tas k

1 AFS OIE’I E
2 ~ R A S F  W I T H  F ORCE 199
3 FIXED V E L O C I T Y  — 907 M A Z Y
4 THBCUGB PATH
~ THR O~~GB PATE
€ R E L E A S E
7 T H RO U G H PATH
9 D E A T H  TO PETU R!4 CCNTRCL

1? E N D

Digger Task

1 ~ !LA TI V E
2 G R A S P  W I T H  FORCE 197
3 F I X E D  VELOCITY — 100% ~A XV
4 D ISC R ETE PATH
E T H R CU GB PATH
€ F I X E D  V E L O C I T Y  — 66% M A Z y
? T HBCUGB PATH
8 AP SCIUT!
9 T H P C U G B  PATH

1~ T H PCUGB PATH
11 F I X E D  VELOCITY —100 % MA Z Y
12 D I S C R E T E  PATH
13 T H B C U G H  PATH
1~ D?ATB ¶0 RETURN CONTROL
16 END
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Bol t-On Task

I 1
I 2 ~~A SP ~ I T H  I O P C F  1~~ —D ISCR ET E PA TH

4 r1~~CR ! T E  P A T H
I t ’ I S C F P T E  PATH

f l E  R — F O F C E . G T .  2 E XFCU ’! F N E X T  COM r P. N C
7 I F  L — F C F C ~’. GT .  2 E X E C U T E  N F X T  CO~~~A N E

1 c CO TC 3
I INCF FN FNT Z —9~øIC IP 2 - PC~ C ? . ~Y’ . :0 EXE cUTE ‘~EX T CO~1M .A N r

11 C TC 1
5, -

L~~1~F L  1
2 4  ~ F t E A ~~F —

I 1~ i~~F C E P T E  F A T H
C~’A~~ ‘k I T H  PCF 1~~~1? P I ~~C R F T E  P A T H

I 1~ I F  P — E C F C F . G T .  2 E X E C U T E  N U T  CO~1M & N t
I E  l — ~~C R C E . C T .  2 E X E C U T E  N E S T  C O V N 1 A N D
~~O TC 2

I F
- - 5-

’ ‘FS S~~~E 1
A l E R T

I C C T C
• L A P E l  4

t~~SSA ~~F :
I l5L ~ P~T

.~~~ ~ C T O
L A F F I
E FIF ASE

I ‘: I~~P E I  ~
E F A T E  TC R E T U P N  C C W T R O L

I
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Val ve Task

1 ‘~E L A T 1 V E
2 l A P E l  1
3 D I S C R E T E  PATH
4 GRASP ~ITR FORCE 199

D I S CRETE P A T H
IF R—F CBCE. GT.10 4 E X E C U T E  N E XT CO~ M A N L

7 IF l—FCPCE .GT.104 EX E CUT E NEXT COMMAN D
9 GC TC 2
9 P F L L A S !

1. GC TC 1
11 I A F E I  2
12 r E S S A G E  1
13 FEILASE

D P A T P  TC R E T U R N CONT ROl .
IF END
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